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NC 
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Introduction 

On  April  19, 1989,  on  explosion  occurred  on  the  battleship  USS  IOWA  in  the  open 
breech  of  a  16-in.  gun,  killing  47  crew  members.  In  its  investigation  of  the 
explosion,  the  US  Navy  (USN)  concluded  there  was  evidence  of  "foreign  material" 
in  the  cannelure  of  the  rotating  band  that  spins  the  projectile  on  firing.  In  this 
incident,  the  projectile  was  driven  a  short  distance  up  the  barrel  by  the  open- 
breech  explosion,  but  remained  in  the  gun. 

From  subsequent  open-breech  tests  the  USN  concluded  that  the  "foreign  material" 
was  replicated  only  when  a  chemical  ignition  device  was  present.  The  USN 
proposed  that  the  explosion  was  initiated  by  a  chemical  ignition  device  consisting 
of  calcium  hypochlorite,  brake  fluid  (or  a  similar  material)  and  steel  wool,  and  that 
it  was  placed  by  a  crewman  between  the  bags  of  propellant  that  were  rammed  into 
the  gun.  The  USN  report  stated  that,  "the  residue  found  in  the  IOWA  rotating 
band  cannot  be  duplicated  by  simple  contamination  of  the  gun  chamber  with  steel 
wool  and  other  chemicals  normally  present  in  a  gun  firing." 

In  late  1989,  the  General  Accounting  Office  (GAO)  asked  Sandia  National 
Laboratories  (SNL)  to  examine  the  adequacy  of  certain  aspects  of  the  USS  IOWA 
investigation.  On  November  22, 1989,  Dr.  Albert  Narath,  President  of  SNL, 
agreed  that  Sandia  would  consult  with  the  GAO  and  undertake  a  technical  study, 
pending  Department  of  Energy  (DOE)  authorization.  Dr.  Roger  L.  Ilagengrubcr, 
Vice  President  of  Defense  Programs,  SNL  was  assigned  responsibility  for 
managerial  oversight  for  this  activity  and  for  coordination  with  the  DOE.  Dr. 
Richard  L.  Schwoebel,  Director  of  Systems  Evaluation,  SNL  was  assigned  the 
technical  lead.  SNL  was  asked  to:  1)  exai  line  pieces  of  rotating  band  and  the  16- 
in.  projectile  from  the  gun  for  evidence  of  "foreign  material"  that  might  be  related 
to  a  chemical  ignition  device;  2)  test  gun  powder  from  the  USS  IOWA’s  magazine 
and  front  the  same  lot  obtained  elsewhere  to  ascertain  the  stability  of  the  material; 
and  3)  review  the  scope  and  methodology  of  the  USN’s  technical  investigation  and 
examine  other  physical  evidence  that  the  USN  believed  supported  its  conclusions 
about  the  probable  cause  of  the  explosion.  SNL  first  reported  its  findings  at  a 
Senate  Armed  Services  Committee  hearing  on  May  25,  1990,  and  released  its 
initial  report,  Sandia  National  Laboratories’  Review  of  the  USS  IOWA  Incident. 
June  1990. 

The  initial  Sandia  National  Laboratories’  report  concluded:  1)  the  presence  of  a 
chemical  ignition  device  could  neither  be  proved  nor  disproved,  although  all  the 
"foreign  materials"  except  the  steel  wool  fibers  were  si  >wn  to  be  normal 
components  of  battleship  turrets;  2)  the  stability  of  bo;  It  the  propellant  and  black 
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powder  was  within  acceptable  limits  and  there  was  only  a  remote  possibility  the 
black  powder  could  have  been  initiated  by  friction,  electrostatic  discharge  or 
electromagnetic  radiation;  3)  the  powder  bags  were  overrammed  against  the 
projectile  and  the  extent  of  the  overram  was  determined;  and  4)  that  a  potentially 
important  factor  in  the  explosion  was  a  previously  unrecognized  sensitivity  of  the 
powder  bag  train  to  overram  when  there  is  a  reduced  number  of  pellets  in  the  trim 
layer(s)  of  the  powder  bags.  SNL  experiments  indicated  that  a  reduced  number  of 
trim  layer  pellets  lying  next  to  the  black  powder  pouch  could  result  in  an  explosion 
if  ovci  rammed,  and  that  the  probability  of  an  explosion  increased  with  the  speed  of 
the  overram.  SNL  recommended  that  these  experiments  be  extended  to  actual  16- 
in.  gun  conditions  to  establish  the  validity  of  this  ignition  mechanism. 

At  the  conclusion  of  the  hearing  before  the  Senate  Armed  Services  Committee, 
SNL  was  asked  to  continue  its  work  and  to  participate  with  the  USN  in  the 
reopened  investigation  of  the  incident. 

This  final  report  documents  SNL  findings  of  work  performed  since  May  25, 1990. 
Detailed  documentation  of  work  described  here  will  be  found  in  SNL  reports  that 
were  in  preparation  at  the  time  this  report  was  written. 
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Executive  Summary 

Introduction 

Sandia  National  Laboratories’  continued  investigation  of  the  explosion  in  the 
center  gun  in  Turret  2  of  the  USS  IOWA  on  April  19, 1989,  has  had  three 
important  thrusts. 

The  first  has  been  to  establish  reference  measurements  for  "foreign  materials" 
found  on  the  rotating  band  of  the  projectile  in  the  center  gun.  These 
measurements  were  used  to  examine  the  US  Navy’s  conclusion  that  these  materials 
were  the  fingerprint  of  a  chemical  ignition  device  placed  between  the  powder  bags 
that  were  rammed  into  the  breech  of  the  gun. 

The  second  has  been  to  examine  impact  initiation  of  propellant  caused  by  the 
fracture  of  pellets  adjacent  to  a  black  powder  pouch.  These  analyses  were  used  to 
reexamine  the  USN's  conclusion  that  "impact  and  compression  of  the  bag  charges 
were  not  contributing  factor;'  in  the  IOWA  incident.” 

The  third  has  b*xn  to  further  examine  the  overram  that  occurred  in  the  center  gun. 
This  included  studies  of  rammer  motion  as  it  was  blown  out  of  the  breech,  internal 
markings  produced  by  the  buffer  in  the  rainmerhead,  powder  bag  compression  and 
rammer  handle  motion.  The  results  of  these  analyses  were  relevant  to  determining 
the  extent  of  powder  bag  compression  against  the  base  of  the  projectile  and 
helping  to  establish  if  a  static  overram  occurred.  In  addition,  analyses  of  the 
displacement  of  the  rammerman’s  seat  have  been  used  to  better  understand 
damage  to  the  rammer  handle  quadrant. 

The  studies  reported  here  have  drawn  heavily  on  the  extensive  USN  investigation 
of  the  incident,  and  that  work  served  as  a  valuable  basis  on  which  to  extend  certain 
elements  of  the  SNL  investigation.  The  SNL  investigation  did  not  include,  for 
example,  exhaustive  studies  of  the  operating  mechanisms  in  the  gun  room  such  as 
the  rammer,  powder  hoist  and  powder  door.  These  mechanisms  were  found  by  the 
USN  to  be  in  proper  operating  condition  at  the  time  of  the  explosion  and  were 
apparently  not  associated  with  the  cause  of  the  explosion.  An  unexplained 
observation  related  to  these  mechanisms  was  the  unlowcred  position  of  the  powder 
car  at  the  time  of  the  explosion.  This  observation  will  be  briefly  discussed  in  the 
conclusion  of  this  section  of  the  report. 
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Foreign  Materials 

Further  studies  have  shown  that  all  of  the  so-called  "foreign  materials"  found  in  the 
cannelure  of  the  rotating  band  of  the  projectile  in  the  center  gun  of  Turret  2  are 
also  found  in  the  forward  grooves  of  the  projectile,  i.e.,  in  a  region  protected  from 
the  explosion.  These  materials  are  also  found  to  varying  degrees  in  the  same 
regions  of  the  projectiles  that  had  been  rammed  into  the  left  and  right  guns  of 
Turret  2  prior  to  the  explosion  in  the  center  gun.  That  is.  the  presence  of  oreign 
materials*  identified  by  the  USN  is  not  a  unique  indicator  that  the  hypothetical 
chemical  ignition  device  was  present  in  the  center  gun. 

1.  The  hypothetical  chemical  ignition  device  was  postulated  by  the  USN  to  be 
the  source  of  iron  fibers  found  on  the  rotating  band  of  the  center  gun 
projectile.  However,  steel  wool  has  been  found  in  key  locations  on  all  three 
of  the  projectiles  removed  from  the  16-in.  guns  of  Turret  2. 

2.  Steel  wool  fibers  found  on  the  routing  bands  of  these  projectiles  cannot  be 
distinguished  from  each  other  based  on  their  morphologies.  Size 
distributions  of  fibers  found  in  various  locations  arc  also  statistically 
indistinguishable.  Compositional  details  of  the  steel  wool  indicate  that  it 
came  from  more  than  one  source.  That  is,  the  steel  wool  apparently  came 
from  more  than  one  pad  of  steel  wool,  not  from  a  single  pad  as  would  be 
expected  had  a  chemical  ignition  device  been  present. 

3.  Iron  fibers  found  in  the  forward  grooves  of  the  rotating  band  of  the  center 
gun  projectile  are  indistinguishable  from  fibers  found  in  the  cannelure. 

Fibers  in  the  grooves  could  not  have  resulted  from  explosion  products 
because  the  grooves  were  protected  from  the  explosion  by  the  seal  formed  by 
the  routing  band  fin.  It  is  also  unlikely  that  steel  wool  in  the  forward 
grooves  could  have  resulted  from  contamination  following  the  explosion 
because  the  grooves  were  sealed  when  the  projectile  was  forced  forward  in 
the  barrel. 

Conclusion:  Steel  wool  was  found  In  the  cannelures  and  forward  grooves  of 
the  rotating  bands  of  all  three  projectiles  in  the  gun  rooms  of  Turret  2.  The 
steel  wool  In  the  cannelure  of  the  projectile  in  the  center  gun  was 
Indistinguishable  from  that  found  In  the  forward  grooves,  and  was  also 
Indistinguishable  from  that  found  on  the  other  two  projectiles.  The 
observation  of  iron  fibers  In  the  rotating  band  of  the  prr  jectile  fretii  the 
center  gun  is  not  a  definitive  indicator  of  the  presence  of  the  hypo  thetical 
chemical  Ignition  device. 
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4.  Ballistics  modeling  indicates  that  iron  fibers  of  the  size  found  in  the 
cannelure  would  have  been  physically  altered  by  the  high-temperature 
explosion.  Had  any  fibers  been  deposited  in  the  cannelure,  it  is  expected  that 
they  would  have  had  a  melted  appearance  and  exhibited  rounded  surface 
features  consistent  with  exposure  to  temperatures  in  excess  of  the  melting 
point.  None  of  the  fibers  recovered  from  the  cannelure  of  the  center  gun 
projectile  had  such  an  appearance.  Ballistics  modeling  also  indicates  that  the 
flow  of  rapidly  expanding  gases  from  the  point  of  ignition  would  tend  to  carry 
fibers  away  from  the  cannelure.  This  modeling  is  consistent  with  the 
observation  that  very  few  steel  wool  fibers  were  found  in  the  rotating  bands 
of  projectiles  used  in  full-scale  tests  in  which  a  chemical  ignition  device  was 
used  to  inidate  an  explosion. 

Conclusion:  The  physical  appearance  of  fibers  found  in  the  cannelure  Is  not 
consistent  with  that  expected  of  fibers  exposed  to  temperatures  above  the 
melting  point.  The  relative  absence  of  steel  wool  in  the  cannelure  following 
full  scale  field  tests  using  a  chemical  i<ptition  device  to  initiate  an  explosion 
Is  consistent  with  ballistics  modeling  that  predicts  the  general  flow  of  gases 
away  from  the  cannelure.  These  and  other  results  regarding  fibers  suggest 
that  the  steel  wool  In  the  rotating  band  of  the  center  gun  projectile  was 
present  before  the  explosion  and  is  unrelated  to  its  cause. 

5.  The  presence  of  an  encrusted  iron  fiber  in  the  cannelure  was  emphasized  by 
the  USN  as  being  a  unique  signature  of  the  presence  of  a  chemical  ignition 
device  based  on  their  field  tests.  USN  measurements  of  higher-than-normal 
quantities  of  calcium  on  a  single  encrusted  fiber  were  not  corroborated 
because  that  fiber  and  any  similar  ones  were  not  available  for  analysis  by 
SNL. 

Conclusion:  The  encrusted  fiber  described  in  the  USN  report  appears  to  be 
one  of  a  kind  and  is  not  representative  of  the  many  other  fibers  found  in  the 
cannelure. 

0.  With  the  exception  of  the  single  encrusted  fiber,  all  measurements  of  the 
surface  quantities  of  chlorine  and  calcium  on  iron  fibers  taken  from  the 
cannelure  of  the  center  gun  projectile  are  comparable.  These  quantities  are 
similar  to  the  surface  quantities  of  these  elements  observed  on  iron  fibers 
from  the  projectiles  that  were  in  the  left  and  right  guns  of  Turret  2.  These 
quantities  are  also  similar  to  those  found  on  fibers  recovered  from  the 
forward  grooves  of  the  rotating  band  from  the  center  gun  projectile,  i.e., 
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fibers  that  were  isolated  from  the  explosion.  Substantially  higher  quantities 
of  chlorine  were  measured  on  iron  fiber  and  cannelure  surfaces  of  projectiles 
from  field  tests  using  chemical  ignition  devices  than  on  fibers  taken  from  the 
cannelure  of  the  centci  gun  projectile. 

7.  Debris  and  grease  from  the  forwurd  grooves  and  cannelures  of  projectiles 
from  the  left  and  right  guns  of  Turret  2  contain  significant  levels  of  calcium 
and  chlorine.  These  levels  are  similar  to  the  levels  found  in  the  debris  taken 
from  the  cannelure  of  the  center  gun  projectile. 

Conclusion:  The  observed  quantities  of  chlorine  and  calcium  on  iron  fibers 
and  in  debris  from  the  cannelure  of  the  center  gun  projectile  are  similar  to 
the  quantities  of  these  elements  on  iron  fibers  and  in  debris  found  elsewhere 
in  the  turret.  The  observed  quantities  of  calcium  and  chlorine  are  not 
definitive  Indicators  that  the  hypothetical  chemical  ignition  device  proposed 
by  the  USN  was  present  in  the  center  gun.  If  a  device  of  this  kind  had  been 
present,  substantially  higher  quantities  of  chlorine  on  surfaces  of  fibers  in 
the  cannelure  would  have  been  expected  based  on  USN  field  tests. 

8.  The  USN  found  glycols  in  the  cannelure  and  concluded  that  they  were 
constituents  of  brake  fluid  or  a  similar  material  that  may  have  been  used  in 
the  hypothetical  chemical  ignition  device.  It  has  been  found  that  these  same 
glycols  are  present  in  Break-Free™,  a  liquid  routinely  used  to  mai  tain  the 
16-in.  guns  on  the  USS  IOWA. 

9.  A  large  quantity  of  Break-Free™  was  used  to  help  remove  the  projectile 
tiom  the  center  gun  following  the  incident.  Break-Free  ™  apparently  leaked 
into  the  cannelure,  contaminating  it  with  several  of  the  constituents  that  the 
USN  concluded  came  from  the  hypothetical  chemical  ignition  device. 

10.  These  glycols  are  also  constituents  of  grease  residues  found  on  other 
projectiles  from  Turret  2. 

Conclusion:  The  glycols  arc  constituents  of  Break-Free™  used  in  the 
routine  maintenance  of  the  guns,  and  are  also  found  in  greuse  residues  on 
the  projectiles.  A  large  quantity  of  Break-Free™  was  used  to  help  free  the 
projectile  and  apparently  leaked  into  the  cannelure.  The  presence  of  these 
glycols  does  not  demonstrate  that  the  hypothetical  chemical  Ignition  device 
was  present. 
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11.  The  USN  postulated  that  a  single  PE- PET  fragment,  believed  to  have  been 
found  in  the  projectile’s  cannelure,  came  from  a  plastic  food  bag  that 
contained  the  hypothetical  chemical  ignition  device.  It  has  been  found  that 
the  sampling  procedure  used  by  the  USN  did  not  document  that  the  fragment 
came  from  the  cannelure  of  the  projectile.  Further  study  also  shows  that 
Dacron™  fibers  covered  with  Break-Free™  can  produce  a  P-GC/MS 
spectrum  indistinguishable  from  that  of  the  PE-PET  fragment  identified  by 
the  USN.  Such  a  fragment  could  have  come  from  several  sources,  including 
the  Dacron™  bore  brush  sock  used  to  clean  the  gun. 

Conclusion:  The  USN  did  not  document  that  the  PE-PET  fragment  came 
from  the  cannelure  of  the  projectile.  The  PE-PET  fragment  does  not  support 
the  presence  of  the  hypothetical  chemical  ignition  device. 

12.  SNL  found  inorganic  particulate  materials  in  debris  from  the  forward 
grooves  of  projectiles  from  the  center  gun  and  one  other  gun  in  Turret  2. 
These  particulates  were  similar  to  many  of  the  materials  identified  in  the 
cannelure  of  the  center  gun  projectile  and  included  paint  chips,  sand  and/or 
glass,  metal  fragments,  iron  fibers,  and  high-temperature  graphite. 

13.  The  high-temperature  graphite  particles  found  in  the  cannelure  and  forward 
grooves  of  the  center  gun  projectile  and  the  forward  grooves  of  IG-2,  are 
indistinguishable  from  graphite  inclusions  in  the  cast  iron  projectiles. 

Conclusion:  Similarities  in  the  Inorganic  particulate  found  in  both  the 
forward  grooves  und  .  he  cannelure  of  the  projectile  from  the  center  gun  also 
suggest  that  this  debris,  along  with  the  steel  wool,  was  present  before  the 
explosion.  The  observation  of  Inorganic  particulate  does  not  support  the 
presence  of  the  hyi  'ithctical  chemical  Ignition  device. 


Ovcrram  of  Powder  Bags 

In  normal  operation,  the  powder  bags  are  pushed  slowly  wilh  the  rammer 
(1  to  2  ft./sec.)  until  the  rear  of  the  last  bag  is  just  inside  the  breech  of  the  gun. 
For  a  five-bag  charge,  such  as  was  used  at  the  time  of  the  incident,  this  leaves  a 
space  of  at  least  17  in.  between  the  front  of  the  bags  and  the  base  of  the  projectile. 
In  the  USS  IOWA  incident,  it  was  found  that  the  powder  bags  were  overramnied 
so  tli.it  there  was  no  space  between  the  bags  and  the  projectile. 
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1.  The  position  of  the  rammerhead  at  the  time  of  the  explosion  was  determined 
by  correlating  gouges  in  the  spanning  tray  with  specific  links  in  the  rammer 
chain.  The  overram  was  determined  to  be  45.75  ±  0.1  in.  beyond  the  breech 
face  if  there  was  no  compression  of  the  rammerhead  buffer,  or 

48.25  ±  0.1  in.  it  there  was  full  compression  of  the  buffer. 

Conclusion:  The  extent  of  the  overram  was  approximately  5.5  in.  beyond 
that  determined  by  the  USN,  and  compressed  the  five  powder  bags 
approximately  1.1  In.  against  the  base  of  the  projectile.  A  substantial 
overram  of  the  powder  bags  occurred  in  the  center  gun. 

2.  The  USN  observed  after  the  explosion  that  the  rammer  handle  was  in  a 
position  corresponding  to  a  ram  speed  of  approximately  1.7  ft./sec.  and 
concluded  that  ramming  occurred  at  normal  speed.  However,  possible 
collision  of  the  rammerman’s  seat  with  the  rammer  hunulc  and  transients 
introduced  into  the  rammer  system  by  the  explosion  could  have  produced 
substantial  movement,  resulting  in  virtually  any  position  of  the  rammer 
handle  after  the  explosion. 

Conclusion:  The  position  of  the  rummer  handle  following  the  open  breech 
explosion  cannot  be  definitively  related  to  the  rum  speed  prior  to  the 
explosion. 

3.  The  USN  has  suggested  that  ramming  took  place  at  slow  speed  based  on 
marking  of  the  quadrant  by  impact  of  the  rammerman’s  scat.  SNL  analyses 
of  the  rammerman’s  seat  motion  shows  that  the  first  impact  of  the  scut  occurs 
with  the  aft  quadrant  mounting  pad.  This  appea:  s  to  be  supported  by  a 
photograph  of  this  region  of  the  quadrant  mounting  pad.  In  addition,  these 
analyses  show  that  the  aft  leg  of  the  seat  contacts  the  rammer  control  lever. 
Both  of  these  contacts  occur  before  the  front  of  the  scat  has  rotated 
sufficiently  to  cause  impact  with  and  marking  of  the  quadrant. 

Conclusion:  The  marking  of  the  quadrunt  is  not  a  definitive  Indicator  of 
ramming  speed  because  the  quadrant  could  have  been  dislodged  from  the 
bulkhead  by  the  impact  of  the  seat.  In  addition,  the  rummer  lever  could  ulso 
have  been  moved  prior  to  the  marking  of  the  quudrunt. 

4.  Measurements  by  the  USN  have  determined  the  average  uncompressed 
length  of  five  powder  bags  and  the  nominal  projectile  seating  distance.  A 
refined  dynamic  model  b)  SNL  has  been  used  to  show  that  it  is  impossible  to 
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establish  the  speed  of  the  overram  because  of  the  large  variability  in  the 
length  of  the  powder  bags. 

Conclusion:  The  uncertainties  of  powder  train  length  and  projectile  seating 
distance  make  it  impossible  to  determine  the  rammer  speed  from  the 
compression  of  the  powder  bugs  and  the  gouges  in  the  spanning  tray. 

5.  The  SNL  interpretation  of  gouges  on  internal  surfaces  of  the  buffer  in  the 
rammerhead  is  that  the  buffer  was  1/4  in.  short  of  full  compression  when  the 
open  breech  explosion  occurred.  That  is,  the  buffer  was  not  fully  compressed 
at  the  time  of  the  explosion.  However,  it  was  observed  in  one  of  the  open 
breech  field  tests  that  the  statically  held  rammerhead  moved  forward  after 
ignition  but  prior  to  the  blast. 

Conclusion:  The  buffer  murks  cannot  be  used  to  conclusively  determine  the 
speed  of  the  overram. 

Initiation  Sensitivity 

1.  Hie  propellant  and  bluck  powder  were  both  found  to  be  within  the 
acceptable  range  of  stability.  Stabilizer  levels  in  propellant  pellets  were  also 
within  acceptable  limits  based  on  USN  requirements.  SNL  evaluations 
indicate  that  the  possibility  that  the  explosion  could  have  been  caused  by 
electrostatic  discharge,  electromagnetic  radiation,  and  th<  nal  or  friction 
effects  is  negligible. 

Conclusion:  The  age  and  stability  of  the  propellant  and  black  powder  were 
not  factors  in  this  explosion. 

2.  A  powder  bug  is  brought  to  the  correct  weight  by  placing  several  pellets  on 
their  side  in  a  trim  layer  at  the  front  of  a  powder  bag.  SNL  postulated  from 
reduced-scale  tests  that  powder  bags  in  16-in.  guns  could  be  initiated  by  a 
high-speed  overram,  a  process  that  can  fracture  pellets  in  the  trim  layer  of 
one  bag,  igniting  the  black  powder  pouch  of  the  adjacent  powder  bag.  The 
USN  confirmed  this  effect  in  full-scale  tests. 

Conclusion:  Trim  layer  pellets  fractured  by  a  high-speed  overram  can  ignite 
the  black  powder  of  the  adjacent  powder  bag  and  lead  to  an  explosion. 
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3.  It  was  found  that  trim  layers  containing  one  to  approximately  twelve  pellets 
are  more  sensitive  to  ignition  in  an  overram  than  trim  layers  containing 
larger  numbers.  The  lot  of  D846  prppellant  aboard  the  USS  IOWA  at  the 
time  of  the  explosion  included  bags  with  trim  layers  containing  from  zero  to 
sixty-three  pellets.  The  distribution  of  the  trim  layer  pellet  count  was  such 
that,  in  five  bags  randomly  selected  from  this  lot,  the  probability  was  0.166 
(one  in  six)  that  one  or  more  of  the  rear  four  bags  would  contain  from  one  to 
twelve  pellets  in  the  trim  layer. 

Conclusion:  The  probability  was  16.6  percent  (one  in  six)  of  selecting  a 
group  of  five-bag  charges  from  the  propellant  lot  aboard  the  USS  IOWA  that 
was  sensitive  to  Ignition  by  overram. 

4.  The  probability  that  an  overram  at  14  ft./sec.  will  initiate  a  five-bag  powder 
train  that  includes  at  least  one  bag  with  one  to  twelve  trim  pellets  is 
nominally  0.087  (one  in  eleven).  Given  the  statistical  uncertainties,  this 
probability  could  be  as  high  as  0.39  (approximately  one  in  three).  These 
probabilities  were  calculated  using  data  provided  by  the  USN  from  full-scale 
studies  in  a  gun  simulator  and  also  data  from  the  other  (approximately  600) 
tests. 

Conclusion:  The  probability  of  initiating  a  five-bag  powder  train  with  at 
least  one  bug  with  one  to  twelve  trim  pellets  Is  nominally  0.087  (one  in 
eleven)  in  a  high-speed  overrum. 

5.  The  probability  of  an  explosion  in  a  high-speed  overram  is  the  product  of  the 
probability  of  having  a  sensitive  combination  of  powde.  bags  (that  is,  at  least 
one  powder  bag  with  one  to  twelve  trim  pellets  next  to  a  black  powder 
pouch)  and  the  probability  of  initiating  such  a  combination. 

Conclusion:  The  probability  of  an  explosion  In  a  high-speed  overrun)  was 
nominally  0.0144  (one  in  seventy)  for  five  powder  bags  randomly  selected 
from  the  lot  aboard  the  USS  IOWA  at  the  time  of  the  explosion.  Given  the 
statistical  uncertainties,  the  probability  could  be  us  high  as  0.0639  (one  In 
sixteen). 

6.  There  is  another  sensitive  configuration  of  pellets  that  does  not  involve  the 
trim  layer.  Initiation  occurred  in  one  of  five  full-scale  tests  at  high  ramming 
speeds  when  a  single  pellet  was  misplaced  at  the  rear  of  the  bag  adjacent  to 
the  black  powder  pouch.  Subsequent  examination  of  all  the  D846  propellant 
bags  showed  that  3.39  percent  of  them  had  a  misplaced  pellet  at  the  rear  of 
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the  bag.  There  may  be  even  more  sensitive  configurations  that  can  lead  to 
initiation  of  an  open-breech  explosion  in  an  overram  situation. 

Conclusion:  The  presence  of  a  reduced  number  of  pellets  in  a  trim  layer  is 
only  one  configuration  that  can  lead  to  an  explosion  in  an  overram.  At  least 
one  other  configuration,  the  single  misplaced  pellet  at  the  rear  of  the  bag, 
can  also  lead  to  an  explosion.  The  probability  of  explosion  with  this  and 
other  configurations  has  not  been  fully  explored. 


Summary 

The  following  summary  statements  of  the  SNL  investigation  are  presented  with 
respect  to  the  USN  conclusion  that  a  chemical  ignition  device  was  placed  between 
the  powder  bags  by  the  gun  captain  and  then  initiated  by  a  static  overram. 

The  USN  reported  that  "the  residue  found  in  the  IOWA  rotating  band  cannot  be 
duplicated  by  simple  contamination  of  the  gun  chamber  with  steel  wool  and  other 
chemicals  normally  present  in  a  gun  firing."  This  inch  ’cd  the  presence  of  calcium, 
chlorine,  various  glycols,  inorganic  particulate,  and  steel  wool  fibers  found  in  the 
cannelure  of  the  center  gun  projectile  and  associated  by  the  USN  with  a 
hypothetical  chemical  ignition  device.  Studies  at  SNL  show  that  the  foreign 
materials  identified  by  the  USN  in  the  cannelure  of  the  projectile  of  the  center  gun 
arc  indistinguishable  from  those  found  in  other  key  locations  within  Turret  2. 
Chemical  constituents  and  steel  wool  fibers  indistinguishable  from  those  in  the 
cannelure  wcri  found  in  tite  forward  grooves  of  the  rotating  band  of  the  projectile 
in  the  center  guu;  that  is,  in  a  region  of  the  cannelure  that  was  isolated  from  the 
explosion.  In  addition,  the  same  chemical  constituents  and  steel  wool  fibers  were 
also  found  in  th'  "mclures  and  forward  grooves  of  the  rotating  bands  of 
projectiles  the '  •  .1  the  left  and  right  guns  of  this  turret.  These  fibers  were  also 

indistinguishable  .  <m  those  in  the  cannelure  of  the  center  gun  projectile.  These 
and  other  facts  suggest  that  the  fibers  and  the  various  chemical  constituents  found 
by  the  USN  on  the  center  gun  projectile  are  unrelated  to  the  explosion. 

A  substantial  overram  of  the  powder  bags  occurred  for  reasons  that  have  not  been 
determined.  That  is,  the  powder  bags  were  forced  against  the  base  of  the  projectile 
by  the  rammer.  This  was  determined  from  an  analysis  of  the  position  of  gouges  on 
the  spanning  tray.  Bused  on  the  observation  that  the  buffer  in  the  rammerhead 
was  apparently  not  fully  compressed  at  the  time  of  the  explosion,  the  overram  may 
have  occurred  at  a  higher-thun-normal-speed.  A  further  observation  that  lends  to 
support  the  concept  of  a  highcr-th:  t-normal-speed  overram  was  the  unlowcred 
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position  of  the  powder  car.  The  normal  procedure  aboard  the  USS  IOWA  was  to 
lower  the  powder  car  immediately  after  closing  the  powder  door.  If  the  ramming 
of  the  powder  bags  occurred  at  high  speed,  the  upper  powder  hoist  operator  may 
not  have  had  time  to  begin  the  lowering  of  the  car.  If  the  ramming  occurred  at  low 
speed,  the  operator  would  have  had  approximately  20  to  30  seconds  to  begin  this 
process, 

After  the  explosion,  the  rammer  control  handle  was  found  in  the  1.7  ft./sec. 
position.  However,  SNL  analyses  show  that  the  position  of  the  handle  and  damage 
to  the  quadrant  arc  not  definitive  indicators  of  the  ramming  speed. 

It  has  been  demonstrated  in  a  full-scale  simulator  that  a  high-speed  overram  can 
initiate  powder  bags  and  result  in  an  open-breech  explosion.  This  previously 
unrecognized  safety  problem  with  16-in.  guns  occurs  when  hot  particles  from 
fractured  propellant  pellets  ignite  nearby  black  powder.  While  inmact  initiation 
cannot  be  proven  to  have  been  the  cause  of  the  explosion,  these  results  raise 
serious  questions  about  the  USN  conclusion  that  "impact  and  compression  of  the 
bag  charges  were  not  contributing  factors  in  the  IOWA  incident."  Impact  initiation 
could  have  been  involved  since  a  significant  overram  occurred. 

A  variety  of  scenarios  for  this  incident  have  been  explored,  but  they  remain 
unproven  fur  lack  of  evidence,  partially  due  to  the  violence  of  the  explosion  and 
fire,  because  of  this,  it  may  be  difficult  to  ever  fully  resolve  the  many  unknowns 
and  develop  a  clear  and  unambiguous  explanation  of  the  events  that  occurred 
within  the  center  gun  room  of  Turret  2. 

It  is  concluded  that  there  is  no  explicit  physical  evidence  that  the  hypothetical 
chemical  ignition  device  was  present  In  the  center  gun  of  Turret  2.  It  is  also 
concluded  that  a  high-speed  overram  is  a  possible  cause  of  the  April  19, 1989, 
explosion  aboard  the  USS  IOWA.  -  / 


Kccommcndulions 

hollowing  are  recommendations  if  future  operation  of  16-in.  guns  aboard  the 
battleships  is  anticipated: 

1.  Mechanisms  for  positive  control  of  rammer  speed  and  distance  should  be 
implemented  as  recommended  in  the  interim  report. 
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2.  Various  other  pellet  displacements,  including  those  at  the  rear  of  the  powder 
bags,  should  be  explored  to  determine  if  there  are  additional  sensitive 
configurations  that  could  lead  to  an  explosion  in  an  overram. 

The  USN  has  already  implemented  an  earlier  recommendation  that  powder  bags 
be  redesigned  to  eliminate  trim  layers. 
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Foreign  Materials 

As  a  result  of  its  investigation  of  the  (April  19, 1989)  explosion  aboard  the 
battleship  USS  IOWA,  the  USN  concluded  there  was  evidence  that  "foreign 
material"  was  present  in  the  gun  chamber  of  Turret  2  center  gun  during  the  USS 
IOWA  incident.  Front  open-breech  tests,  the  USN  concluded  that  the  "foreign 
material"  deposited  in  the  cannelure  of  the  USS  IOWA  projectile  rotating  band 
was  replicated  only  when  a  chemical  ignition  device  was  used  to  initiate  the  tests. 
This  chemical  device  incorporated  calcium  hypochlorite,  brake  lluid,  and  steel 
wool.  The  USN  stated  that  "the  residue  found  in  the  IOWA  rotating  baud  cannot 
be  duplicated  by  simple  contamination  of  the  gun  chamber  with  steel  wool  and 
other  chemicals  normally  present  in  a  gun  tiring." 

In  the  initial  report,  Sandla  National  Laboratories’  Review  of  the  USS  IOWA 
Incident.  June  1990.  it  was  concluded  that  the  presence  of  a  chemical  ignition 
device  could  neither  be  proved  nor  disproved.  Some  of  the  "foreign  materials" 
identified  by  the  USN  were  shown  to  be  normal  constituents  of  a  buttlcship  turret 
environment  and  evidence  for  the  presence  of  u  chemical  ignition  device  was  found 
to  be  inconclusive. 

Continuing  studies  at  SNL  show  that  the  foreign  materials  identified  by  the  USN  in 
the  cannelure  of  the  projectile  of  the  centei  gun  are  indistinguishable  from 
materials  found  in  other  key  locations  in  Turret  2.  These  materials  were  present  in 
Turret  2  of  the  USS  IOWA  as  part  of  the  ship-board  environment,  either  as  a 
result  of  post-incident  operations  or  as  a  result  of  pre-incident  contamination. 

SNL  studies  show  that  none  of  these  "foreign  materials"  can  be  uniquely  associated 
with  a  chemical  ignition  device.  Supporting  data  will  he  contained  in  a  more 
comprehensive  SNI.  report  that  Is  in  preparation. 


Alternate  Sumccs 

The  conclusions  in  the  initial  SNI.  report  of  May  1990  were  largely  based  on 
analyses  of  materials  primarily  from  three  sources:  1)  background  samples  from 
gun  moms  and  turrets  on  the  USS  IOWA,  USS  NLW  JLKSLY,  and  USS 
WISCONSIN;  2)  materials  (for  example,  Break-Free™)  from  USN  stores  that  are 
normally  used  in  battleship  gun  rooms;  and  3)  materials  lound  in  or  associated  with 
the  cannelure  of  the  rotating  baud  from  the  projectile  recovered  from  the  center 
gun  of  Turret  2. 
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At  the  time  of  SNL’s  initial  investigation,  SNL  personnel  were  unaware  of  the 
location  of  the  projectiles  that  hud  been  loaded  in  the  left  and  right  guns  of 
Turret  2  at  the  time  of  the  USS  IOWA  explosion.  The  subsequent  location  of 
these  projectiles  has  led  to  studies  of  materials  present  on  these  projectiles  and,  in 
particular,  in  specific  locutions  on  their  rotating  bands.  For  clarification,  a 
nomenclature  assigned  by  Naval  Weapons  Support  Center,  Crane,  Indiana 
(NWSC-Crane)  to  identify  the  Turret  2  projectiles  is  used:  IG-1  (IOWA  Gun  - 
center,  the  projectile  from  the  USS  IOWA  incident  from  which  most  of  the 
"foreign  materials"  data  and  conclusions  were  drawn),  1G-2  and  IG-3  (left  gun  and 
right  gun  •  which  projectile  was  in  which  gun  is  not  documented).  Ihcsc  three  ULI’ 
(blind  loaded  and  plugged)  projectiles  were  part  of  a  group  of  nine  known 
projectiles  that  had  been  reworked  at  a  USN  facility  in  Keyport,  Washington,  in 
1982.  The  fact  that  three  projectiles  from  the  same  rework  group  were  loaded  in 
the  three  guns  of  Turret  2  on  April  19, 1989,  suggests  that  they  hud  been  subjected 
to  the  same  environment  (i.e.,  contamination  sources)  from  the  time  they  left 
Keyport.  The  evidence  recovered  from  these  projectiles,  has  an  important  bearing 
on  the  significance  of  "foreign  materials"  found  by  the  DSN  in  the  cannelure  of 
IG-1. 


lrun-l'ilms  (Steel  Wuul) 

SNL’s  initial  investigation  revealed  iron  fibers  embedded  in  the  rotating  band 
cannelure  of  IG-1  that  had  the  appearance  and  composition  of  steel  wool. 
Subsequently,  the  cannelures  and  forward  grooves  (see  Figure  1)  of  JG-2  and  IG-3 
rotating  bands  and  the  forward  gruoves  of  IG-1  have  been  examined.  A  wide 
variety  of  particulate  materials,  including  iron  fibers,  were  found  associated  with 
grease  recovered  from  these  areas.  A  photograph  of  some  of  the  iron  fibers  found 
in  tlic  forward  grooves  of  IG-2  is  shown  in  F'igure  2. 

The  forward  grooves  of  1(5-1  would  not  be  contaminated  by  materials  from  un 
explosion  in  the  gun  chamber  bccuusc  of  the  gas  seul  formed  by  the  rotating  bund 
fin.  These  forward  grooves  of  IG-1  constitute  a  repository  of  background  material 
caused  by  pre-incident  contamination  of  the  projectile.  The  forward  grooves  of 
IG-1  rotating  baud  samples  were  opened  by  SNL  and  were  found  to  contain  the 
same  material  contaminants,  including  iron  libers,  as  were  found  in  the  cannelure 
of  IG-1.  The  forward  grooves  uud  cannelures  of  IG-2  uud  IG-3  contained  similar 
materials,  but  were  not  exposed  to  the  blast  because  the  breeches  of  the  left  and 
right  gun  were  closed. 
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Table  1  shows  the  location  and  number  of  iron  fibers  recovered  from  the  Turret  2 
projectiles  and  analyzed  by  SNL.  These  are  compared  with  the  total  number 
(thirty-seven)  of  fibers  found  in  the  IG-1  cannelure  by  SNL,  NWSC-Crane,  and 
Norfolk  Naval  Shipyard  (NNSY). 


Table  1 

iron  Fibers  from  Tu  -ret  2  Projectile  Rotating  Bands 


Projectile 

Location 

No.  of 
iron  fibers 

Band  Length* 
Sampled  fin.) 

IG-1 

forward  groove 

77 

12 

IG-1 

cannelure 

37 

32 

IG-2 

forward  groove 

hundreds 

6 

IG-2 

cannelure 

12 

25 

IG-3 

forward  groove 

14 

25 

IG-3 

cannelure 

1 

25 

*  The  entire  length  (circumference)  of  a  rotating  band  is  50  in.,  but  sampling  was 
limited  either  to  the  amount  available  (IG-l)or  to  lengths  that  had  not  been 
previously  sampled  (IG-3,  IG-2  cannelure).  The  exception  was  the  IG-2  forward 
grooves  where  sufficient  material  for  analysis  was  obtained  in  6  in.  of  groove  length. 

The  iron  fibers  were  analyzed  by  optical  microscopy  and  scanning  electron 
microscopy  (SEM)  to  determine  their  morphology  and  size  distribution,  and  by 
electron  microprobe  with  wavelength  dispersive  x-ray  spectroscopy  to  determine 
their  bulk  composition.  All  of  the  iron  fibers  analyzed  at  SNL  from  IG-1  forward 
grooves,  and  from  IG-2  and  IG-3,  have  the  appearance,  composition,  and 
microstructure  of  steel  wool.  SNL  analyses  show  that  the  concentration  of 
manganese,  the  principle  allcying  element,  varies  sufficiently  to  indicate  that  the 
steel  wool  fibers  found  in  the  cannelure  and  forward  grooves  of  IG-1  and  IG-2 
came  from  a  source  involving  more  than  one  pad  of  steel  wool.  That  is,  the  fibers 
in  the  cannelure  of  the  center  gun  projectile  were  not  the  result  of  a  single  pud  of 
steel  wool  as  would  be  expected  if  the  hypothetical  chemical  initiator  were  present. 

SNL  measured  the  size  distribution  of  the  77  fibers  found  in  the  forward  grooves  of 
the  IG-1  projectile.  These  data  were  obtained  using  the  same  measurement  and 
sampling  techniques  as  were  used  on  the  IG-1  cannelure.  In  Figure  3,  the 
distribution  of  the  sizes  of  the  fibers  in  the  forward  g;ooves  (Figure  3b)  is 
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compared  to  the  distribution  of  fiber  sizes  found  in  the  IG-1  cannelure  (Figure  3a). 
Within  experimental  uncertainty,  these  distributions  are  identical.  Our  conclusions 
from  the  fiber  size  data  are  that  there  is  no  difference  in  the  sizes  of  the  various 
fibers  found  in  the  cannelure  and  in  the  forward  grooves  of  the  IG-1  projectile. 

Subsequent  to  this  work,  NWSC-Crane  has  examined  debris  from  the  forward 
grooves  of  IG-1  and  IG-2  with  a  modiCed  sampling  technique  and  with  increased 
magnification.  This  work  has  located  fibers  or  fiber  fragments  of  smaller 
diameters  than  previously  found.  However,  size  distributions  that  include  these 
fibers  should  not  be  directly  compared  with  fiber  size  distributions  for  the  IG-1 
cannelure,  since  significantly  different  sampling  methods  were  used  to  generate 
that  data. 


IRON  FIBERS  FOUND  BY  NWSC-CRANE 
IN  THE  IOWA  CA  '.URE 
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Figure  3a.  Size  distribution  of  iron  fibers  found  in  the  USS  IOWA  cannelure  by 
NWSC-Crane. 
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IRON  FIBERS  FOUND  BY  SNL  +  NWSC-CRANE 
IN  THE  FORWARD  GROOVES  OF  IOWA  PROJECTILE 
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Figure  31  Size  distribution  of  iron  fibers  found  in  the  forward  grooves  of  USS 
IOWA  projectile  (SNL  +  NWSC-Crane). 


The  almost  total  absence  of  iron  fibers  in  the  rotating-band  cannelures  of  the 
chemical -device-initiated  test  fires  is  evidence  that  fibers  are  unlikely  to  be 
deposited  in  the  cannelure  if  they  originate  in  the  powder  charge.  This  conclusion 
is  supported  by  ballistics  modeling  (see  the  following  section),  which  indicates  that 
few  iron  fibers  of  the  diameter  used  in  the  tests  would  survive  the  fireball  if  present 
in  the  powder  charge.  This  conclusion  is  also  supported  by  the  morphology  of  the 
fibers  found  in  the  cannelure  of  IG-1.  The  fibers  found  in  the  IG-1  cannelure  have 
sharp  edges,  which  are  attributed  to  the  cutting  process  used  in  the  manufacture  of 
steel  wool,  and  do  not  show  evidence  of  surface  melting.  Based  on  this  evidence, 
SNL  concludes  that  the  iron  fibers  found  in  the  cannelure  of  IG-1  were  present  in 
the  cannelure  before  the  explosion  and  did  not  originate  from  a  chemical  ignition 
device. 
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Calcium  (Cal  and  Chlorine  (Cl) 

The  initial  SNL  report  demonstrated  that  small  quantities  of  Ca  and  Cl  are  found 
on  most  metal  surfaces  in  the  turrets  of  the  USS  IOWA,  including  rotating-bund 
cannelure  surfaces  and  iron  fibers  from  IG-1.  Auger  data  obtained  from  analyses 
at  SNL,  joint  analyses  with  NWSC-Crane,  and  from  the  original  NWSC-Crane 
analyses  all  showed  small  quantities  of  Ca  and  Cl.  The  one  exception  was  the 
surface  analysis  of  a  single  point  on  a  single  encrusted  fiber  reported  by  NWSC- 
Crane,  which  showed  high  Ca  concentration.  This  spectrum  was  atypical  because  it 
was  the  only  one  out  of  approximately  40  spectra  recorded  that  showed  high  Ca.  A 
number  of  points  were  analyzed  along  an  iron  fiber  from  the  IG-1  cannelure  to 
determine  the  point-to-point  variation.  These  data  indicated  that  the  Cl 
concentration  was  always  low  on  iron  fibers  from  the  IG-1  cannelure,  but  particles 
with  high  Ca  concentrations  could  be  found.  Spectra  obtained  a  few  micrometers 
distance  from  these  particles  showed  low  levels  of  Ca.  That  is,  significant  statistical 
variation  was  observed  depending  on  where  the  measurement  was  made.  Figures  4 
and  5  show  a  summary  of  Auger  measurements  of  the  concentrations  of  Ca  and  Cl 
on  the  surfaces  of  iron  fibers  from  sources  related  to  the  IOWA  incident.  From 
these  data,  it  is  concluded  that  there  is  substantial  variability  in  the  concentrations 
of  Ca  on  iron  fibers.  The  “encrusted"  fiber  that  was  used  by  the  LISN  to  assert  high 
Ca  levels  exist  on  the  surfaces  of  fibers  found  in  the  IG-1  cannelure  is  not  typical. 
The  only  examples  of  high  Cl  concentration  were  found  on  surfaces  of  the  rotating 
band  cannelure  from  chemical  device  tests  at  Dahlgren,  and  on  an  iron  fiber  from 
one  of  those  tests. 

Subsequent  to  SNL’s  initial  report,  additional  joint  experiments  were  performed 
with  NWSC-Crane  to  analyze  iron  fibers  for  Ca  and  Cl.  In  addition,  all  of  the 
Energy  Dispersive  Analysis  (EDA)  data  from  SNL,  NNSY,  and  NWSC-Crane  with 
respect  to  Ca  and  Cl  on  iron  fibers  from  the  IG-1  cannelure  were  examined, 
(approximately  160  spectra  in  all).  SNL  also  analyzed  iron  fibers  from  IG-1  and 
IG-2  forward  grooves  using  Auger  electron  spectroscopy  and  electron  microprobe 
analysis  (EMPA).  These  data  further  supported  the  initial  results;  i.e.,  low  levels 
of  Ca  and  Cl  are  found  on  all  of  the  iron  fibers.  This  includes  the  fibers  from  the 
IG-1  cannelure  and  the  forward  grooves  of  both  IG-1  and  IG-2.  Again, 
microscopic  particles  with  high  concentrations  of  Ca  can  be  found.  However,  when 
the  analysis  is  performed  on  a  spot  just  a  few  micrometers  from  the  particle,  low 
levels  of  Ca  are  observed.  Elemental  distribution  photomicrographs  (EDPM) 
show  that  these  particles  are  not  associated  with  Cl. 
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Chlorine  Concentrations  On 
Steel  Wool  Fiber  Surfaces 


Figure  4.  Calcium  concentrations  measured  on  steel  wool  fiber  surfaces  by  Auger 
spectroscopy. 
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Calcium  Concentrations  On 
Steel  Wool  Fiber  Surfaces 


l'igure  5,  Chlorine  concent!  utions  measured  on  steel  wool  fiber  surfaces  by  Auger 
spectroscopy. 
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The  debris  that  is  found  associated  with  the  iron  fibers  from  the  forward  grooves  of 
IG-1  and  IG-2  has  been  quantitatively  analyzed  by  inductively  coupled  plasma- 
atomic  emission  spectroscopy  (ICP-AES)  and  found  to  contain  significant  levels  of 
Ca.  These  results  indicute  that  the  debris,  which  consists  of  grease  and 
purticulates,  may  be  a  source  of  localized  high  concentrations  of  Ca  on  iron  fibers. 
The  debris  was  also  quantitatively  unalyzed  by  ion  chromatography  and  found  to 
contain  significant  levels  of  Cl.  The  results  of  these  analyses  arc  shown  in 
Figures  6  for  Ca  and  7  for  Cl.  These  figures  also  show  data  from  debris  found  in 
the  rotating  band  cannelure  of  the  projectile  from  one  of  the  chemical  device  gun 
tests. 

These  data  indicate  the  variability  of  the  concentrations  that  can  be  measured  in 
this  nonuniform  debris.  They  also  indicate  that  the  levels  found  in  the  IG-1 
cannelure  are  generally  consistent  with  those  found  in  the  forward  grooves  of  IG-1, 
and  on  IG-2  and  IG-3  and  with  those  found  on  rotating-band  cannelure  samples 
from  NSWC-Dahlgrcn  opcn-brcech  tests  initiated  with  a  chemical  ignition  device. 

SNL  concludes  that  highly  localized  surface  concentrations  of  Ca  can  be  found  on 
iron  fibers  from  the  USS  IOWA  projectiles.  Microparticles  with  high  calcium 
concentrations  arc  present  both  on  iron  fibers  from  the  IG-1  cannelure  (exposed  to 
the  explosion)  as  well  as  on  iron  fibers  from  the  forward  grooves  of  IG-1  and  IG-2 
(not  exposed  to  the  explosion).  Thus  the  presence  of  localized  concentrations  of 
Ca  on  the  iron  fibers  cannot  be  uniquely  related  to  the  blast  environment  or  to  u 
hypothetical  Ca-containing  chemical  ignition  device.  In  uddition,  SNL  finds  that 
the  surface  concentrations  of  Cl  measured  were  much  larger  on  surfaces  exposed 
to  a  chemical  ignition  device  in  the  Dahlgren  open  breech  tests  than  were 
measured  on  any  of  fibers  or  surfaces  from  the  IOWA  projectiles.  From  these 
additional  data  and  our  original  results  it  is  concluded  that  the  available 
information  docs  not  support  the  presence  of  a  chemical  ignitloi-  device  containing 
calcium  hypochlorite  in  the  powder  charge  of  the  center  gun  of  Turret  2  of  tht 
USS  IOWA. 


Glvcols 

Because  of  their  age  and  previous  handling,  It  was  not  possible  to  analyze  the  IG-1 
rotating-band  samples  for  materials  with  a  volatile  component  such  as  glycols. 

SNL  therefore  concentrated  on  examining  the  dr  a  obtained  by  NWSC-Crane  and 
NNSY  laboratories,  and  characterizing  the  background  contaminants  on  the  ship 
to  determine  the  relevance  of  any  findings.  This  investigation  showed  that  much  of 
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the  data  obtained  in  these  early  analyses  can  be  explained  by  background 
constituents  and  analytical  or  environmental  variations. 


Calcium  Concentrations  in 
Rotating  Band  Residues  (SNL) 
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Chlorine  Concentrations  in 
Rotating  Band  Residues  (SNL) 


Figure  7.  Chlorine  concentrations  in  debris  from  rotating  bands. 
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SNL’s  initial  report  showed  that  of  the  three  glycol  compounds  identified  by 
NWSC-Cranc,  two  arc  found  in  known  background  materials.  Butyl  carbitol,  also 
known  as  dicthylene  glycol  butyl  ether,  and  butyl  ether  glycol  arc  both  present  in 
Break-Free™,  which  was  used  in  great  quantities  in  post-incident  attempts  to 
remove  the  lodged  projectile  from  the  Turret  ~  center  gun.  Butyl  carbitol  acetate 
is  a  major  component  of  Break-Free™  and  butyl  carbitol  is  found  associated  with 
the  acetate.  Butyl  carbitol  is  also  a  major  component  of  aqueous  fire-fighting  foam 
(AF'FF),  which  was  used  in  Turret  2  inuncdiatcly  following  the  incident.  Butyl 
ether  glycol,  the  second  glycol  identified  by  NWSC-Cranc,  is  alsu  found  in  Ink  fium 
the  marking  pens  used  to  identify  the  band  samples. 

The  USN  identified  the  third  compound  as  ethylene  glycol  phenyl  ether.  Working 
from  gas  chromatography/mass  spectroscopy  (GC/MS)  data  obtained  front 
NWSC-Cranc,  SNL  determined  that  the  compound  was  phenol,  a  trace 
contaminant  in  Break-Free™  and  also  u  known  breakdown  product  of  the 
TenaxtM  concentrating  trap  used  in  the  GC/MS  analysis  of  these  samples  at 
NWSC-Cranc. 

Subsequent  analyses  at  SNL  showed  that  the  grease  found  in  the  forward  grooves 
of  IG-1  and  1G-2  rotating  bands  was  also  a  possible  source  of  butyl  curbitol. 

Grease  samples  from  IG-1  and  1G-2  were  analyzed  with  Fourier  transform  infrared 
spectroscopy  (FT1R)  und  GC/MS.  Butyl  curbitol  und  butyl  curbitol  ucclatc  were 
found  in  the  grease  from  these  forwurd  grooves. 

Ihc  USN  hus  suggested  that  the  rutio  of  butyl  curbitol  to  butyl  curbitol  acetate 
found  in  the  two  samples  that  were  unulyzed  at  NWSC-t'nme  were  much  higher 
than  that  found  in  Breuk-Free™.  The  butyl  curbitol/bulyl  carbitol  ucetate  ratio 
found  in  mcthunol  washes  of  the  grease  from  the  forward  grooves  oflG-1  and  1G-2 
(0.6)  is  higher  than  that  found  in  the  mcthunol  washes  of  Ureuk-l  ree™  soaked 
rotating-band  experiments  (0.2)  or  a  direct  injection  of  Break-Free™  (('.06).  This 
ratio  Is  ulso  close  to  the  rutio  measured  by  NWSC-Cranc  on  one  of  two  methanol 
wash  solutions  from  IG-1  rotating  band  cannelure  samples.  The  other  sample 
appears  to  have  uu  additional  unresolved  component  that  enhances  the  apparent 
ratio  of  butyl  carbitol  to  butyl  carbitol  acetate.  In  either  case,  the  data  were 
obtained  for  the  purpose  of  qualitative  identification  of  the  components.  SNL 
concludes  that  the  qualitative  data  obtained  from  the  two  measurements  by 
NWSC-Crune  cannot  be  used  to  resolve  relatively  small  quantitative  differences 
(X2  -  X3)  In  these  ratios.  SNL  investigations  have  ulso  shown  that  several 
analytical  and  environmental  conditions  further  impede  such  a  comparison.  Iliese 
statistical,  environmental,  und  analytical  variations  will  be  detailed  in  a 
comprehensive  report  on  foreign  materials. 
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Additional  SNL  studies  to  characterize  brake  fluids  showed  that  these  lluids  are 
composed  of  several  different  glycols  in  uddition  to  butyl  curbitol.  The  NWSC- 
Crane  data  from  the  IG-1  rotating  hand  samples  were  carefully  scrutinized  for  any 
such  corroborating  chemical  evidence  but  none  was  found,  These  results  suggest 
that  brake  fluid  was  not  a  source  of  the  glycols. 

These  results,  plus  the  vurlcty  of  alternate  sources  for  these  glycols,  do  not  support 
the  identification  of  the  glycols  as  "foreign  materials." 


PE-PET 

One  of  the  "foreign  materials"  identified  by  the  TJSN  was  a  single  frugmenl  of 
poly(cthylcnc)/poly(ethylcne)  terephthulute  (PE-PET)  presumed  to  have  come 
from  u  Seal-u-Mcul™  or  Meul-Keady-to-liut  (MKIi)  plustic  bug.  Following  the 
release  of  the  initial  SNL  report,  it  was  learned  that  the  PE-PET  fragment  had 
been  found  in  filtered  residue  that  remained  ulter  a  sample  from  the  rotating  bund 
hud  been  dissolved  In  nitric  acid  at  NWSC-Crunc  (i.c.,  the  fragment  could  not  be 
uniquely  traced  to  the  cannelure),  liccuusc  the  original  locution  of  the  PE-PET 
fragment  cunnot  be  determined,  it  cannot  be  considered  "foreign  mutcriul."  SNL 
did  not  find  any  PE-PET  on  samples  of  the  IG-1  rotating  bund  cannelure. 

SNL  personnel  reviewed  NNSY  unalyscs  of  IG-1  samples  for  evidence  of  1’li-l‘LT. 
Of  seven  particles  that  uppeured  to  be  "plustic”  and  were  uuulyzed  by  direct 
insertion  probc/muss  spectrometry,  three  spectra  showed  only  uir  background. 
Data  from  the  other  materials  indicated  only  the  presence  of  hydrocarbons.  SNL 
personnel,  in  cooperation  with  NNSY  personnel,  analyzed  Seal-A-Meal™  (PE- 
I’LT)  at  NNSY,  using  NNSY  Instrumentation.  None  of  the  spectra  from  the  seven 
IG-1  particles,  previously  analyzed  ut  NNSY,  resembled  Seal-A-Meal™. 

There  is  no  evidence  to  indicate  that  particles  or  fragments  of  a  PE-PET  sealable 
bug  were  found  in  the  IG-1  cannelure.  Experiments  ut  SNL  have  also  shown  tlml 
materials  known  to  huve  been  in  the  gun  can  produce  data  similar  to  that  for  PE- 
PET.  A  combination  of  Break-Free™  (which  contains  poly-alpha-olefin  oil,  a  low 
molecular  weight  analog  of  polyethylene)  and  fibers  from  the  bore  hi  ush  sock 
(PET)  produces  a  pyrolysis/GC/MS  spectra  similar  to  PE-PET. 

Finally,  SNL  found  a  fragment  of  1’E-PET  on  the  rotating  bund  of  one  of  the 
NSWC-Uuhlgreii  open-breech  tests  initiated  with  a  chemical  device.  According  to 
USN  records,  polyethylene  (PE)  not  a  PE-PET  laminate  was  used  in  this  chemical 
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device.  SNL  believes  that  this  observation  of  PE-PUT  in  a  test  where  no  PE-PET 
was  used  is  another  indication  of  background  contamination. 


Larticulatc  Dtibri* 

SNL  analyzed  particulate  mutorials  found  in  the  IG-1  cannelure  and  compared 
these  results  with  those  obtained  from  unalyscs  of  debris  found  in  the  forward 
grooves  of  IG-1  und  IG-2.  A  variety  of  purticulates  were  observed  as  contaminants 
associated  with  the  grease  found  in  these  grooves.  These  particulutcs  were  similar 
in  uppcurance  to  many  of  the  materials  previously  identified  in  the  cannelure  of 
IG-1  and  included  paint  chips,  sund/gluss,  metal  chips,  polymer/orgunlc  materials, 
and  steel  wool  fibers. 

The  presence  of  Tyre*™"  type  gluss  particles  was  reported  by  NWSC-Crane  as 
possible  evidence  of  a  chemical  Ignition  device.  The  evidence  for  this 
identification  was  semiquantitative  analyses  of  insulating  purticlcs  found  in  the 
cannelure  of  IG-1  for  silicon  und  aluminum.  However,  no  structurul  information 
was  obtained  to  distinquish  crystalline  minerals  from  glass  particles  and  there  was 
no  attempt  to  measure  the  boron  content  of  the  particles,  ilie  presence  of  boron  is 
u  distinguishing  feuture  of  "Pyrex™"  gluss.  SNL  unulysis  of  particulate  materials 
from  the  IG-1  cunnclure,  found  most  of  the  Insulating  purticlcs  to  be  crystullinc 
silicate  or  ulumino-silicatc  minerals.  Only  one  glassy  particle  was  detected.  SNL 
concludes  that  there  is  no  available  data  to  support  the  presence  of  "I’yrcx™”  type 
glass  particles  in  the  IG-1  cannelure. 

As  mentioned  in  the  initial  SNL  report,  Hakes  of  graphite  were  also  observed  in 
debris  from  the  IG-1  cannelure,  l  ire  graphite  was  identified  as  u  high-temperature 
material  by  Human  spectroscopy  und  Human  analysis  showed  it  to  be 
indistinguishable  from  graphite  in  the  east  iron  projectile.  Similar  graphite  ilukcs 
associated  witli  the  grease  were  found  In  the  forward  grooves  of  IG-1  and  IG-2. 

The  presence  of  similar  types  of  put  tides  in  the  forward  grooves  of  the  IG-1  and 
IG-2  rotating  bands  and  Hie  similarities  to  those  observed  in  the  cannelure  of  IG-1 
suggest  a  common  source  of  contamination  for  these  projectiles. 

iaunimmy 

SNL's  continuing  investigation  bus  determined  that  the  materials  classified  by  the 
USN  us  "foreign  materials"  in  ills  cannelure  of  the  center  gun  projectile  were  also 
found  in  other  locations  in  Turret  2  that  were  not  exposed  to  the  explosion.  Witli 


Page  :<7 


(•AO/NNIAD-HI-4.N  IJ.N.N.  Iowa  Explosion 


I  :.S£.  Iowa  Explosion 


Materials;  Characterization 


the  exception  of  the  material  identified  by  NWSC-Crane  as  I’lZ/l’lIT,  all  of  the 
"foreign  materials"  found  in  the  1G-1  cannelure,  identified  by  the  USN  as  unique  to 
a  chemical  ignition  device,  were  also  found  in  the  forward  grooves  of  IG-1  and 
IG-2.  The  presence  of  these  materials  in  the  forward  grooves  as  well  as  the  IG-1 
cannelure,  argues  that  pre-incident  contamination,  was  a  source  of  these  materials. 
Hie  incident  of  April  19, 1989,  would  have  affected  only  the  IG-1  cannelure. 
Additionally,  SNL  modeling  studies  suggest  that  iron  fibers,  of  the  diameter 
recovered  from  IG-1,  could  not  have  been  deposited  in  the  cannelure  by  the 
explosion. 

Hie  evidence  from  SNL  chemical  analyses  and  modeling  studies  suggests  that  the 
“foreign  materials"  found  in  the  IG-1  cannelure  were  not  produced  by  a  chemical 
ignition  device,  but  were  the  result  of  pre-  and  post-incident  contamination. 
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Heat  Transfer  to  “Foreign  Material11  Fibers 

This  section  addresses  the  effects  of  heat  transfer  on  the  “foreign  materials" 
removed  from  the  projectile  rotating-band  cannelure  following  the  USS  IOWA 
incident.  Iron  fibers  were  recovered  as  possible  evidence  of  a  hypothetical  chemical 
ignition  device  placed  within  the  propellant  powder  charge.  The  significant  feature 
of  these  fibers  is  their  small  size,  typically,  1.5-mil.  diameter.  These  fibers  were 
observed  to  have  irregular  surfaces  and  sharp  edges  (see  Figure  8)  and  show  no 
evidence  of  surface  melting.  Furthermore,  they  retained  sufficient  mechanical 
integrity  to  indent  the  copper  cannelure  during  closure.  If  the  origin  of  these 
materials  was  a  chemical  ignition  device,  fibers  would  have  been  exposed  to  a 
violent  combustion  environment  and  subjected  to  intense  heat  transfer.  SNL 
studied  the  extent  of  the  heat  transfer  and  estimated  the  temperature  histories  of 
the  fibers  that  would  have,  according  to  the  USN  scenario,  passed  through  the 
combustion  environment  to  the  projectile  cannelure. 


Figure  8.  A  photograph  of  an  iron  fiber. 
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From  earlier  interior  ballistic  modeling  of  the  combustion  within  the  open  breech 
gun,  it  was  determined  that  the  onset  of  rapid  combustion,  sufficient  to  produce 
closure  of  the  projectile  cannelure,  occurred  after  a  time  duration  of  approximately 
50  msec,  as  given  in  the  initial  report,  Sandia  National  Laboratories’  Review  of  the 
USS 1QWA  Incident.  June  1990.  (The  delay  time  of  ignition  is  not  included  hence; 
the  time  duration  of  the  combustion  event  is  longer.)  The  combustion  environment 
is  conservatively  estimated  to  be  approximately  1750‘C. 

It  has  been  proposed  that  fibers,  originating  from  a  hypothetical  chemical  ignition 
device,  could  have  been  transported  to  the  rotating  band  cannelure  by  two  means. 

If  the  fibers  were  ejected  ahead  of  the  flame  fireball,  they  would  have  escaped  the 
heat  transfer  from  the  combustion  gases.  However,  ballistic  calculations  of  fibers 
with  approximately  1.5-mil.  diameter,  propelled  at  the  speed  of  sound 
(approximately  300  m/sec.),  indicate  that  fibers  would  not  reach  the  cannelure 
unless  the  chemical  ignition  device  was  within  a  few  inches  of  the  cannelure.  Small 
fibers  would  more  likely  have  been  transported  by  the  combustion  gases.  These 
fibers  would  have  been  immersed  in  the  hot  turbulent  environment  and  exposed  to 
temperatures  above  the  fiber  melting  point.  Furthermore,  the  most  probable  gas 
flow  path  was  out  of  the  open  breech  of  the  gun  rather  than  toward  the  stagnation 
region  of  the  projectile  base.  Significant  gas  flow  into  the  cannelure  requires  that 
the  seal  between  the  cannelure  fin  and  the  gun  barrel  be  incomplete.  Blowby  of 
combustion  gases  in  these  flow  paths  is  considered  to  be  unlikely. 

Beyond  the  question  of  the  transportability  of  tl.e  fibers  into  the  cannelure,  the 
fibers  must  have  experienced  some  effects  from  heat  transfer  associated  with  the 
propellant  combustion.  Heat  transfer  calculations  incorporating  the  effects  of 
convective  and  radiative  exchange  were  made  assuming  the  fibers  had  cylindrical 
geometry  of  various  diameters.  The  effects  of  ablation  and  phase  change  were  not 
included  in  these  calculations. 

Figure  9  is  a  plot  of  the  temperature  history  of  various  diameter  iron  fibers  exposed 
to  the  combustion  environment.  Fiber  surfaces  with  sharp  edges  will  experience 
enhanced  heat  transfer  and  may  have  higher  localized  temperatures.  This  figure 
shows  that  fibers  with  approximately  1.5-mil.  diameters  will  approach  (or  even 
exceed)  a  temperature  near  the  melt  temperature  of  iron  (approximately  1550’C) 
during  the  50  msec,  they  are  exposed  to  the  combustion  gases.  Iron  fibers  <  4-mil. 
diameter  will  experience  heat  transfer  sufficient  to  undergo  some  degree  of 
metallurgical  change.  Such  changes  were  not  observed  in  these  fibers. 

The  survivability  of  these  fibers  can  be  argued  to  have  occurred  due  to  thermal 
protection  by  a  viscous  fluid  coating,  i.c.,  grease.  However,  it  seems  unlikely  that 
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this  coating  could  remain  intact  in  an  environment  so  violent.  Furthermore,  a  series 
of  open-breech  gun  tests  has  been  conducted  at  NSWC-Dahlgren  in  which  grease- 
coated  steel  wool  was  placed  on  the  projectile.  These  tests  revealed  that  most  of  the 
steel  wool  was  consumed  by  the  combustion  or  was  expelled  out  of  the  open  breech. 
Unfortunately,  these  tests  used  a  gun  with  high  barrel  wear  (favoring  blowby  of  the 
combustion  gases)  and  the  steel  wool  was  not  tagged  to  ensure  that  recovered  fibers 
were  uniquely  linked  to  the  material  in  the  chemical  ignition  device.  Fibers  that 
preexisted  on  the  cannelure  would  have  been  protected  and  survived  the  intense 
heat  transfer  of  the  combustion  within  the  gun. 


Time  (sec) 


Figure  9.  The  temperature  history  of  iron  fibers  with  various  diameters. 

In  summary,  the  propellant  combustion  environment  produced  sufficient  heat 
transfer  to  partially  melt  small  fibers  and  thus  would  have  modified  fibers 
originating  within  the  powder  charge.  No  recovered  fiber  exhibits  a  surface 
morphology  indicative  of  intense  heat  transfer.  It  is  concluded  that  the  surface 
morphology  of  the  iron  "foreign  material"  fibers  is  not  indicative  of  their  having 
come  from  a  hypothetical  chemical  ignition  device  in  the  propellant  powder  bags. 
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Impact  Ignition  Studies 

Introduction 

In  the  initial  report,  Sandia  National  Laboratories'  Review  of  the  USS  IOWA 
Incident.  June  1990.  the  Ignition  Experiments  Section  described  experiments  on 
impact  initiation  of  whole  propellant  pellets  and  assemblies  of  pellets  and  black 
powder.  Those  experiments  showed  that  D846  propellant  pellets  could  be  initiated 
by  impact  and,  in  association  with  black  powder,  lead  to  an  explosion.  The  most 
sensitive  configuration  appeared  to  be  one  where  trim  pellets  in  a  bag  of  DK46 
propellant  were  adjacent  to  the  black  powder  igniter  pad  in  the  next  bag.  This  is  the 
normal  or  prescribed  manner  in  which  the  bags  are  loaded  into  the  16-in.  gun.  It 
was  further  shown  that  in  this  configuration  the  probability  of  ignition  from  impact 
increases  with  increasing  ramming  speed,  and  also  increases  with  the  decreasing 
number  of  trim  pellets  in  any  one  of  the  bags  (except  the  first  bag,  nearest  the 
projectile).  These  results  were  based  on  subscale  tests  where  little  or  no  impact 
energy  is  lost  in  the  test  fixture  system.  In  a  full-size  16-in.  gun.  energy  is  lost  in 
compressing  and  swelling  of  the  bags,  tearing  of  stitching,  and  motion  or 
displacement  of  pellets  in  the  bags  and  breech. 

Because  the  amount  of  energy  lost  in  a  16-in.  gun  system  was  unknown  at  the  time 
of  the  initial  report,  only  trends  could  be  established.  Extrapolation  of  the  subscale 
test  data  to  the  operation  of  an  actual  gun  was  not  quantitatively  possible.  It  was 
only  possible  to  speculate  on  the  probability  of  ignition  in  a  gun  system  and  establish 
minimum  boundary  conditions  necessary  for  ignition  by  impact  during  an  overram 
of  the  bags  into  the  gun. 

Since  the  submission  of  the  initial  report,  many  additional  experiments  have  been 
conducted,  some  at  SNL,  but  most  at  NOS-Indian  Head  and  NSWC-Dahlgren.  The 
NOS-Indian  Head  tests  expanded  the  data  base  in  subscale  impact  fixtures.  1  he 
NSWC-Dahlgren  experiments  involved  full-scale  drop  tests  and  full-scale  ramming 
tests,  which  represented  the  conditions  in  a  16-in.  gun  system. 

This  report  incorporates  all  of  the  results  from  the  three  laboratories.  This 
complete  data  base  shows  that  the  subscale  data  can  be  used  to  demonstrate 
ignition  from  impact  over  a  range  of  trim  pellet  loadings  and  impact  velocities  and 
that  this  data  can  be  extrapolated  to  actual  gun  conditions.  These  data  also  yield 
significant  probabilities  that  ignition  would  occur  from  an  overram  of  the  D846  bags 
into  the  16-in.  gun  at  high  speeds  obtainable  by  the  rammer. 
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Subscale  Experiments 

Subsequent  to  SNL’s  subscale  impact  testing,  NOS-lndiun  Head  also  began  subscalc 
tests  on  an  impact  fixture  similar  to  the  8-in.  diameter  fixture  used  at  SNL.  The  first 
test  configuration  explored  at  NOS-Indian  Head  had  seven  trim  pellets  adjacent  to  a 
black  powder  ignition  pad.  (This  configuration  was  described  in  the  SNL  initial 
report.)  The  results  of  these  tests  showed  a  mean  impact  energy  to  achieve  ignition 
of  approximately  1635  ft.-lbs.  This  was  considerably  higher  than  the  mean  of  959 
ft.-lbs.  found  at  SNL  for  this  same  configuration. 

During  previous  tests  at  SNL,  ambient  humidity  ranged  from  approximately  20  to  30 
percent,  while  the  humidity  during  the  tests  at  NOS-Indian  Head  was  in  the  mid-90 
percent  range.  The  ratio  of  mean  energy  from  NOS-Indian  Head’s  seven-pellet  test 
to  that  of  SNL’s  previous  seven-pellet  test  was  approximately  1.7.  This  agreed  with 
independent  humidity  studies  conducted  at  SNL  with  single  pellets  in  a  small  fixture. 
To  correct  for  humidity  test  conditions,  the  SNL  data  were,  therefore,  multiplied  by 
a  factor  of  1.7  in  order  to  correlate  it  with  the  subsequent  NOS-Indian  Head  test 
results. 

NOS-Indian  Head  also  tested,  in  addition  to  the  impact  tests  on  D846 
configurations,  four  similar  configurations  using  D839  propellant  pellets.  D839  is 
one  of  the  other  16-in.  gun  propellants  used  on  the  IOWA-class  battleships.  The 
mean  ignition  impact  energy  for  th<  D839  was  higher  for  each  pellet  configuration 
than  that  for  the  corresponding  D846  configurations.  This  should  be  expected 
because  the  D839  pellets  are  larger.  The  forces  required  to  fracture  the  pellets  are 
proportional  to  the  fracture  surface  area.  In  the  case  of  these  pellets  this  is  the 
longitudinal  cross-section  area.  The  ratio  of  the  longitudinal  cross-section  urea  of 
D846  to  that  of  D839  is  approximately  0.71.  The  average  ratio  of  the  mean  impact 
ignition  energy  for  the  four  sets  of  tests  where  both  types  of  propellant  were  used 
(five,  seven,  twelve,  and  twenty  trim  pellets)  was  found  to  be  0.738.  Using  this  last 
ratio,  the  D839  data  was  corrected  to  equivalent  D846  valu’s  and  used  to  expand 
the  ignition  energy  data  base. 

SNL  thus  compiled  a  fairly  extensive  set  of  data  that  could  be  correlated  to  establish 
the  relationship  between  the  mean  impact  ignition  energy  and  the  number  of  trim 
pellets.  This  is  shown  in  Figure  10.  The  total  mean  ignition  impact  energy  remains 
essentially  constant  over  the  approximate  range  of  one  to  twelve  trim  pellets  and 
then  increases  rapidly  as  the  number  of  trim  pellets  increases. 
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Figure  10.  Mean  impact  ignition  energy  versus  number  of  trim  pellets  for  all 
subscale  tests  at  both  SNL  and  NOS-Indian  Head. 


■Hils  relationship  between  ignition  energy  and  number  ol  trim  pellets  appears  to  be 
independent  of  the  diameter  or  size  of  the  impact  fixture.  This  data  base  should  be 
applicable  to  the  full-size  gun  with  one  additional  correction.  In  these  test  fixtures, 
pellets  are  held  rather  firmly  in  place  and  there  is  little  loss  of  energy  in  the  system. 
That  is,  all  or  most  of  the  impact  energy  is  transmitted  through  the  trim  pellets.  In  a 
16-in.  gun  this  is  not  the  case.  When  an  impact  occurs  on  a  train  of  propellant  bags, 
the  individual  bags  compress  and  swell  and  often  burst  side-stitching  of  the  bag. 

The  pellets  are  then  free  to  move.  This  movement  consumes  energy,  and  this 
energy  is  lost  from  the  impact  ignition  process.  Therefore,  the  ignition  energy 
versus  trim  pellet  curve  seen  above  shifts  upward  in  energy  by  un  amount 
determined  by  bag  losses  during  actual  operation  of  a  gun.  These  losses  were 
determined  by  performing  similar  types  of  impact  experiments  on  full-size  bags  and 
in  multiple  bag  configurations  as  they  are  used  in  the  16-in.  gun.  Such  experiments 
were  conducted  by  the  USN  at  NSWC-Dalilgren. 
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Full-Scale  Experiments 

NSWC-Dalilgrcn  conducted  two  types  of  full-scale  impact  experiments:  vertical 
drop  tests  and  horizontal  ramming  tests.  In  the  drop  test  series,  several  powder  bags 
were  strapped  together,  forming  a  train  as  they  would  in  a  normal  gun  loading,  and 
an  800-lb.  weight  was  placed  on  top  of  the  bag  stack.  This  weight  was  used  to 
simulate  the  effective  mass  of  the  gun  rummer  system.  The  assembly  of  weight  and 
powder  bags  was  raised  and  then  dropped  from  a  predetermined  height  onto  a  steel 
pad. 

As  in  the  subscule  tests,  this  procedure  was  repeated  from  a  number  of  different 
heights  such  that  both  ignitions  and  nonignitions  were  obtained  in  sufficient  number 
to  estimate  the  mean  ignition  impact  energy  and  other  statistical  parameters. 

In  the  second  type  of  tests,  a  16-in.  gun  rummer  system  (the  one  removed  from  the 
center  gun.  Turret  2)  was  used  to  rum  powder  bags  ulong  a  spanning  tray  into  u 
simulated  16-in.  gun  breech  and  a  stop  that  simulated  the  base  of  a  seated  projectile. 
Ramming  speed  was  varied  from  test  to  test  such  that  a  series  of  ignitions  and 
nonignitions  was  obtained  and  could  be  analyzed  as  in  the  drop  tests. 

Impact  ignition  data  were  obtained  on  four  different  test  series.  First,  drop  tests 
were  conducted  of  five  powder  bags  of  D846  with  five  trim  pellets  in  the  second 
from  bottom  bag.  Second,  drop  tests  were  conducted  of  six  powder  bags  of  D839 
with  twenty  trim  pellets  in  the  second  from  bottom  bag.  Third,  horizontal  ram  tests 
were  conducted  of  five  powder  bags  of  D846  with  five  trim  pellets  in  the  second  bag. 
Fourth,  horizontal  ram  tests  were  conducted  with  five  powder  bugs  of  D846  where 
the  second  bag  had  five  trim  pellets  and  the  fourth  powder  bug  had  one  pellet  at  the 
end,  which  was  upset  and  moved  onto  its  side  such  that  it  lay  directly  under  the 
black  powder  ignition  pad  in  the  same  bag.  The  mean  ignition  impact  energy  wus 
determined  for  each  of  these  scries  of  tests  and  is  plotted  along  with  the  subscale 
data  on  Figure  1 1. 

Note  thut  the  results  are  essentially  the  same,  i.c.,  there  is  a  similar  data  spread 
compared  to  the  subscale  set  for  both  the  horizontal  ram  and  vertical  drop  tests 
using  five  trim  pellets.  This  indicates  that  the  full-scale  drop  tests  simulate  the 
conditions  obtained  in  horizontal  ramming  and,  therefore,  represent  conditions  in  a 
gun.  The  data  point  shown  fur  the  mean  ignition  impact  energy  for  a  single  trim 
pellet  was  obtained  by  extrapolating  to  the  mean  from  the  full-scale  horizontal  rum 
test  data  for  that  condition  (one  ignition  in  five  tests  at  14  ft./sec.)  by  using  the 
standard  deviation  obtained  from  the  total  data  base  shown  in  the  next  section. 
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When  the  data  in  Figure  11  are  analyzed,  they  show  an  approximately  constant 
offset  between  the  subscale  and  full-scale  data.  This  offset  is  the  energy  that  is  lost 
in  powder  bag  compression  and  swelling  and  subsequent  mass  pellet  motion. 

The  data  in  Figures  10  anu  1 1  represent  the  mean  or  average  ignition  energy.  To 
estimate  the  probabilities  of  ignition  at  other  conditions  of  energy  or  velocity,  other 
statistical  parameters  such  as  the  standard  deviation  of  the  experimental  data 
obtained  are  required.  These  parameters  were  also  determined  from  the  entire 
data  pool  and  are  presented  in  the  following  section. 
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Figure  1 1 .  Full-scale  ramming  and  drop  test  result  compared  to  subscale  test 
results. 
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Statistical  Analysis  or 't  otal  Data  Ease 

From  each  series  of  “go"  or  "no-go"  experiments  for  each  configuration  tested  at  all 
three  laboratories,  four  important  statistical  parameters  could  be  obtained.  These 
arc:  1)  the  mean  of  the  particular  data  set,  2)  the  variance  of  the  mean,  3)  the 
standard  deviation  of  the  data  set,  and  4)  the  variance  of  the  standard  deviation.  A 
total  of  forty-three  test  configurations  were  run  in  this  manner  and  the  results  urc 
shown  in  Table  1  [1-4]. 

Test  Series  1  through  25  w  Table  1  were  from  SNL  test  configurations  described  in 
the  initial  SNL  report.  Scries  27  through  40  were  conducted  ut  NOS-Indian  Head  in 
an  eight-inch  subscale  drop  test  fixture  similar  to  the  one  ut  SNL  with  the 
pcllct/blaclc  powder/buffer  stack  up  used  in  Scries  23  through  25.  All  the  tests  ut 
NOS-Indian  Head  used  dried  black  powder  ignition  pads,  except  Scries  32.  Scries 
4 1  and  43  at  NSWC-Dahlgrcn  were  full-scale  drop  tests;  42  was  u  full-scale 
horizontal  ram  test. 

Those  series  shown  in  Tublc  1  that  luck  dutu  for  standard  deviation  and  variances 
had  Insufficient  data  range  to  determine  those  parameters.  All  of  the  data  sets  were 
unalyzed  using  the  ASENT  [5]  statistical  computer  code  ut  SNL.  Values  estimated 
by  the  code  closely  matched  similar  analyses  made  ut  both  NSWC-Duhlgrcn  and 
NOS-Indiun  Head. 

because  some  series  had  more  datu  points  than  others,  the  best  averuges  are 
obtained  by  weighting  the  parameters  by  the  number  of  shots  in  each  scries.  This 
was  done  und  the  results,  all  in  log  transform,  are  shown  in  Tabic  2. 
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Table  1 

Compendium  of  Impact  Test  Data 
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Table  2 

Shot  Weighted  Average  Results 
(In  Log  Units) 


Standard  Deviation  0.06802 

Variance  of  Standard  Deviations  0.002418 

Variance  of  Mean  0.0008906 


Using  the  shot  weighted  values  given  above,  in  conjunction  with  the  mean  Impact 
ignition  energy  as  a  function  of  number  of  trim  pellets  (Figure  11  in  previous 
section),  probability  maps  were  determined  for  impact  ignition  as  a  function  of  both 
ramming  speed  and  number  of  trim  pellets. 

The  mean  ignition  energy  und  standard  deviation  were  used  to  calculate  the 
nominal  or  point  estimute  probabilities.  The  mean  ignition  energy,  standard 
deviation,  variance  of  the  mean,  and  variance  of  the  standard  deviation  were  used  to 
calculate  the  confidence  limits.  The  95  pci  cent  confidence  limits  means  that  95 
times  out  of  100  if  any  of  these  series  of  tests  were  repeated,  the  experimentally 
determined  point  estimates  would  lie  within  those  limits.  Another  wuy  to  consider 
the  confidence  limits  is  that  the  measured  mean  in  any  given  set  of  experiments  is 
only  an  estimate  of  the  true  mean  for  the  entire  lot  of  propellant  If  it  were  tested  in 
that  particular  configuration.  The  true  mean  can  be  anywhere  between  the 
confidence  limits.  The  broader  the  limits,  the  more  certuin  it  is  that  the  true  mean 
lies  between  them. 

In  the  extreme,  it  is  clear  with  100  percent  confidence  that  the  mean  ignition  energy 
is  greater  than  zero  and  less  than  infinity.  The  95  percent  confidence  limits  ure 
chosen  because  they  represent  a  sufficiently  broad  range  that  most  likely  includes 
the  true  value,  yet  is  still  narrow  enough  to  yield  workable  values.  This  also  holds 
for  uny  other  point  estimate  of  probability;  i.c.,  1, 10, 75  percent,  etc. 

These  statistical  parameters  were  used  to  examine  the  impact  ignition  of  the  five- 
bag  powder  train  of  D846  propellant  that  is  overrammed  into  the  base  of  the 
projectile  seated  in  the  16-in.  gun.  The  two  most  critical  cases  arc:  1)  finding  the 
probability  of  ignition  us  a  function  of  ramming  speed  where  there  are  a  small 
number  of  trim  pellets  (one  to  twelve)  in  any  of  the  powder  bugs,  and  2)  finding  the 
probability  of  ignition  us  a  function  of  the  number  of  trim  pellets  in  any  of  the 
powder  bags  where  there  is  a  maximum  ramming  speed  (14  ft./scc.). 


41 


I'age  4t 


(■AO/NNIA1MJ1-4N  tl.N.H.  Iowa  KxplonUm 


HAS.  Iow«  Explosion 


Impact  Ignition  Studli 


The  two  cases  are  shown  in  Figures  12  and  13.  The  ignition  probability  is  plotted  on 
a  log  scale  in  order  to  discern  the  magnitude  of  the  probabilities  at  very  low  values. 

A  probability  of  1  is  the  same  as  saying  the  event  is  100  percent  certain,  a 
probability  of  10‘  is  one  out  of  ten,  10  1  one  out  of  a  hundred,  10-*  one  out  of  a 
thousand,  10  *  one  out  of  a  million,  etc. 

An  alternative  to  the  above  analysis  is  to  completely  discount  all  of  the  subscalc 
duta,  trends,  and  statistics  and  consider  only  the  full-scale  ramming  tests  where 
sufficient  data  were  obtained  to  uliow  a  statistical  analysis  of  at  least  one  single 
condition.  The  full-scale  ramming  tests  of  the  five-bag  load  with  five-trim  pellets  in 
the  second  bag  is  the  only  such  data  set.  From  Table  1,  the  mean,  standard 
deviation  and  variances  for  this  set  have  been  determined  and  the  statistical  map  of 
probability  of  ignition  vcisus  ramming  speed  calculated  for  the  five-trim  pellet 
configuration.  These  results  arc  shown  in  Figure  14  where  they  arc  compurcd  to  the 
previous  analysis  thut  employed  the  globul  duta  set. 

In  eitiier  ease,  it  is  seen  thut  there  is  a  signiiicanl  probability  of  Ignition  when  a  loud 
of  five  bags  with  a  small  number  of  trim  pellets  in  one  of  the  bags  is  overrummed  at 
high  speed  (but  within  the  operating  limits  of  the  gun)  into  the  base  of  u  scutcd 
projectile.  As  the  ram  speed  is  reduced,  so  is  the  probability  of  ignition.  Although 
the  probability  of  ignition  becomes  extremely  low  at  mid-range  ramming  speeds,  it  is 
not  zero.  It  should  be  noted  thut  in  subscale  tests  (test  Series  No.  23,  Table  1) 
ignition  was  obtuined  at  6.5  ft./sec.  impact  speeds. 
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Figure  14.  Comparison  of  ignition  probability  versus  rum  speed  maps  from  global 
data  and  trends,  to  that  from  ram  data  for  five  bag/five  pellets  only. 


Trlni-I'ellet  Statistics 

Between  June  1  and  October  1, 1990,  more  than  3,000  D846  powder  bags  were 
inspected  by  the  USN.  These  were  powder  bugs  from  the  incident  lot  aboard  the 
USS  IOWA,  as  well  as  bags  from  the  same  lot  stored  at  other  locations.  The 
powder  bags  were  examined  und  the  number  and  position  of  the  trim  pellets  was 
determined  and  recorded. 

The  number  of  trim  pellets  per  powder  bag  varied  from  0  to  63.  Also,  there  were 
105  bags  in  which  a  single  pellet  had  been  dislodged  from  the  stuck  at  the  rear  of  the 
bug  and  was  found  lying  on  its  side  in  the  fold  of  silk  beneath  the  black  powder 
punch.  This  is  a  configuration  tnat  was  tested  in  full-scale  ramming  und  is 
considered  here  to  be  equivalent  to  a  trim  layer  with  only  one  pellet.  These  bags, 
therefore,  are  included  in  the  following  data  us  bags  with  one  trim  pellet.  The  trim 
pellet  count  data  received  from  the  USN  [6]  is  shown  in  Table  3.  \  plot  of  the  data 
is  shown  in  Figure  15. 


l’age  52 


(•AO/NNIAD-91-4N  tl.S.S.  Iowa  Explosion 


U.&S.  Iowa  Explosion 


H 


Impact  Ignition  Studies 


The  data  in  Table  3  can  be  used  to  calculate  the  cumulative  fraction  of  bags  that 
contain  specific  counts  of  trim  pellets.  This  is  shown  in  Figure  16,  where  cumulative 
fraction  is  plotted  versus  the  number  of  trim  pellets  per  bag. 

In  an  earlier  discussion  it  was  shown  that  the  most  impact-sensitive  bag 
configuration  is  one  containing  from  one  to  approximately  twelve  trim  pellets.  That 
portion  of  the  cumulative  distribution  curve  is  enlarged  and  shown  in  Figure  17. 

Figure  17  shows  that  the  fraction  of  powder  bags  containing  from  one  to  twelve  trim 
pellets  is  0.0443  (or  4.43  percent).  This  means  that  if  one  powder  bag  were  selected 
at  random  from  the  lot  of  D846  bags,  there  is  a  4.43  percent  chance  that  it  would 
contain  between  one  and  twelve  trim  pellets. 

It  was  stated  earlier  that  impact  ignition  could  occur  during  a  higher-than-normal- 
speed  overram  if  the  powder  bag  containing  the  low  number  of  trim  pellets  was  any 
bag  other  than  the  first  one.  Therefore,  when  considering  the  probability  of 
ignition,  the  probability  of  selecting  a  low-trim  pellet  powder  bag  for  any  of  the 
other  four  positions  must  be  considered.  The  probability  of  having  from  one  to 
twelve  trim  pellets  in  any  of  four  powder  bags  selected  at  random  is  approximately 
16.6  percent. 
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Fig  re  17.  Cumulative  distribution  of  trim  pellets  in  D846  powder  bags. 

Conclusion 

From  the  preceding,  it  is  apparent  that  there  is  no  single  or  unique  combination  of 
trim  pellets  and  ramming  speed  that  would  lead  to  an  explosion,  but  rather  a  broad 
range  of  combinations  with  a  reasonable  probability  of  occurrence.  Certainly  a 
most  probable  case  can  be  found  based  on  this  data.  That  case  is  where  there  are  a 
low  number  of  trim  pellets  (one  to  twelve)  in  one  of  the  powder  bags  and  maximum 
ramming  speed  (14  ft./sec.).  In  that  case  the  probability  of  the  occurrence  of  an 
explosion  could  be  as  high  as  39  percent,  which  is  the  probability  value  at  the  lower 
95  percent  confidence  limit. 

In  relation  to  the  explosion  on  the  USS  IOWA,  if  there  were  a  low  number  of  trim 
pellets  (but  not  necessarily  the  minimum)  in  any  of  powder  bags  two  through  five 
and  a  higher-than-normal  powder  ramming  speed  (but  not  necessarily  the 
maximum),  then  there  was  a  finite  probability  that  an  ignition  and  subsequent 
explosion  would  occur.  Further,  in  a  possible  case  where  there  were  the  minimum 
number  of  trim  pellets  and  the  overram  was  at  the  maximum  speed,  then  the 
probability  of  an  explosion  could  be  as  high  as  39  percent  stated  with  95  percent 
confidence. 


47 


Page  55 


UAO/NSIAIMM-4S  ll.S.S.  Iowa  KxploHlon 


U&S.  Iow»  Explosion 


Impact  Ignition  Studies 


Lastly,  there  was  a  16.6  percent  (approximately  one  in  six)  chance  that  at  least  one 
bag  containing  from  one  to  twelve  pellets  would  be  present  in  a  critical  position  in 
any  randomly  drawn  load  of  five  D846  propellant  bags. 
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Explosive  Materials  Characterization 

Introduction 

In  this  section,  the  individual  initiation  properties  of  nitrocellulose  (NC)  propellant 
and  black  powder  are  discussed.  In  addition,  analyses  concerning  the  effect  of 
chemical  stabilizer  levels  on  sensitivity  and  material  compatibility  issues  are 
described.  All  testing  was  performed  using  propellant  and  black  powder  removed 
from  the  USS  IOWA.  None  of  the  analyses  indicated  any  obvious  safety  problems 
related  to  the  individual  sensitivities  of  these  materials.  Key  results  from  this  study 
are  summarized  below  and,  where  applicable,  summaries  of  USN  testing  arc  also 
indicated.  All  of  this  information  was  discussed  in  the  previous  report. 


Propellant  Chemical  Stabilizer  Analysis 

Because  of  the  age  of  the  USS  IOWA  propellant  (44  years  old),  the  amount  of 
chemical  stabilizer  (DPA)  present  has  gradually  decreased  since  it  was 
manufactured.  Twenty-four  NC  propellant  pellets  were  randomly  chosen  for  a 
stabilizer  analysis.  Representative  samples  showing  high-  and  low-chemical 
stabilizer  levels  were  then  chosen  for  much  of  the  sensitivity  testing  so  that  the  effect 
of  known  stabilizer  levels  on  sensitivity  and  performance  could  be  assessed.  This 
testing  served  to  confirm  the  USN’s  more  extensive  study  in  this  area.  Liquid 
chromatography  (LC)  was  used  to  determine  stabilizer  levels  and  the  results  showed 
that  these  levels  varied  between  0.150  and  0.353  percent,  with  an  average  level  of 
0.273  percent.  This  agrees  with  the  USN  analysis  and  indicates  that  the  propellant 
from  the  USS  IOWA  has  sufficient  chemical  stabilizer  to  prevent  any  premature 
fuming  associated  with  storage  in  a  higher-than-normal-temperature  environment. 
The  data  indicate  that  the  material  has  not  aged  to  the  point  where  it  is  no  longer 
acceptable,  based  on  historical  USN  requirements.  The  highest  and  lowest 
stabilizer  samples  were  chosen  for  the  sensitivity  testing  discussed  below.  They  will 
be  ieferred  to  as  the  "high-DPA  sample"  (0.353-pcrcent  stabilizer)  and  the  "low- 
DPA  sample"  (0.150-percent  stabilizer). 


Chemical  and  Compatibility  Studies 

Analyses  were  performed  on  the  NC  propellant  pellets  to  determine  the  ether- 
evolution  rates  as  a  function  of  temperature,  and  material  compatibility  studies  were 
conducted  to  investigate  whether  any  cht  mical  interactions  could  occur  between  the 
propellant  and  the  wear-saver  material  surrounding  the  bag  charges.  The  results  of 
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the  propellant  ether-evolution  rate  studies  indicated  that  it  is  unlixcly  the  ether 
levels  in  the  D846  storage  canisters  would  rise  above  the  lower  explosive  limit  under 
normal  storage  conditions.  This  indicates  an  even  lower  likelihood  of  reaching 
potentially  dangerous  ether  levels  outside  the  storage  canisters.  In  the  material 
compatibility  studies,  no  significant  chemical  interactions  were  found.  Finally,  an 
investigation  of  the  propellant  and  wear-saver  material  was  conducted  to  search  for 
the  presence  of  explosive  peroxides  that  can  form  when  ether  and  water  vapor  arc 
mixed  together.  No  peroxides  were  detected. 


Sensitivity  Testing 

Several  types  of  sensitivity  tests  were  performed  on  NC  propellant  and  black  powder 
to  determine  how  these  energetic  materials  respond  to  various  stimuli.  The  tests 
performed  included  impact,  shock,  thermal,  and  electrostatic  discharge  (liSD).  A 
brief  summary  of  the  results  of  this  testing  is  given  below. 


Impact 

Impact  testing  was  performed  on  an  apparatus  patterned  after  an  Explosive 
Research  Laboratory  tester  developed  during  WWII.  This  tester  consists  of  a 
2.5-kg.  weight  that  can  be  dropped  from  0  to  200  cm.  on  the  explosive  or  propellant 
sample.  A  test  scries  wus  performed  on  a  black  powder  sample  and  with  the  high- 
and  low-DPA,  NC  samples.  A  test  series  consisted  of  25  to  30  drops  with  the  results 
of  each  drop  recorded  as  a  "go’’  (the  material  reacted)  or  "no-go"  (no  reaction).  The 
Langlie  statistical  test  method  was  used  to  determine  appropriate  drop  height.  The 
final  results  of  this  testing  showed  that  black  powder  is  much  less  sensitive  to  impact 
than  NC.  The  testing  on  NC  indicates  that  the  propellant  is  slightly  more  sensitive 
to  impact  at  low-chemical  stabilizer  levels  than  at  high  levels.  This  increased 
sensitivity  docs  not,  however,  indicate  that  the  material  is  unsafe. 


Thermal 

Various  thermal  tests  investigated  the  behavior  of  the  NC  propellant  under  different 
heating  conditions.  These  included  the  Henkin  and  accelerating-rate  calorimetry 
(ARC)  tests.  In  the  Henkin  test,  an  80  mg.  NC  sample  is  loaded  into  a  primer  cup 
and  lowered  into  a  Wood’s  metal  bath  that  is  at  a  preset  temperature.  The  test 
provides  the  timc-to-explosion  for  various  metal  bath  temperatures.  The  time-to- 
cxplosion  for  the  high-  and  low-DPA  samples  at  various  temperatures  was  too  close 
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to  discern  any  stabilizer  effects.  In  general,  the  effect  of  stabilizer  decreases  the 
sensitivity  of  the  propellant  to  high  temperatures  as  compared  to  pure  NC.  The 
results  for  the  high-  and  low-stabilizer  ARC  testing  of  NC  samples  were  more 
pronounced.  The  ARC  tests  showed  that  the  propellunt  with  low-stabilizer  levels 
begins  to  chemically  reuct  at  lower  temperature  than  the  propellant  with  high- 
stabilizer  levels.  Although  differences  between  propellant  samples  with  low-and 
high-  stabilizer  levels  were  noted,  none  of  the  results  from  the  thermal  tests 
indicated  that  the  USS  IOWA  propellant  was  thermally  unstable. 


Electrostatic  Discharge  Testing  (ESDI 

Several  tests  were  performed  to  investigate  the  ESD  sensitivity  of  black  powder  and 
the  NC  propellant  taken  from  the  USS  IOWA.  The  possibility  of  triboelectric 
effects  was  also  explored.  Because  some  energetic  materials  have  shown  different 
ESD  sensitivities  to  different  current  rates,  the  black  powder  and  high-  and  low- 
stabilizer  NC  samples  were  tested  at  current  rates,  varying  from  7x10s  to 
6xl010  A/sec.  The  results  indicated  that  none  of  the  samples  could  be  initiated  with 
ESD  current  levels  above  7x10*  A/sec.  At  this  current  rate,  black  powder  was 
initiated  with  an  energy  of  about  0.6  J,  while  the  high-  and  low-stabilizer  level  NC 
samples  were  Initiated  with  energies  of  approximately  0.7  and  0.S  J,  respectively. 

The  energy  levels  for  the  black  powder  are  consistent  with  the  USN  results,  but  the 
NC  results  showed  lower  initiation  energies  than  those  reported  by  the  USN.  These 
results  arc  not  completely  unexpected,  because  the  tests  were  designed  to  examine  a 
worst-case  scenario  of  a  completely  confined  sample.  As  a  point  of  reference,  the 
USN  measured  maximum  electrical-energy  levels  of  0.126  mJ.  in  u  gun  turret  during 
normal  operations.  This  is  less  than  a  thousandth  of  the  energy  required  to  initiate 
black  powder  or  NC. 

Along  with  ESD,  another  scenario  considered  us  a  possible  cause  for  the  USS 
IOWA  incident  was  triboelectric  effects  in  the  NC  propellant  pellets.  When  some 
materials  are  fractured,  they  discharge  electricity  which  could  possible  ignite  an 
energetic  material  or  ether,  if  present.  Triboelectric  materials  exhibit  this  type  of 
behavior  which  is  often  called  the  "lifesaver  effect."  If  the  fracture  of  a  propellant 
pellet  produced  an  electrical  discharge  of  any  significance,  a  light  emission  would  be 
observed.  Twenty  pellets  were  fractured  in  a  completely  darkened  chamber  while 
high-speed  video  cameras  recorded  the  events.  These  cameras  wtre  capable  of 
detecting  extremely  low  light  levels.  None  of  the  tests  resulted  in  detectable  light 
emissions,  so  triboelectric  effects  induced  by  propellant  grain  fra  t.ure  was  ruled  out 
as  possible  cuusc  of  the  blast. 
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Shock 

Testing  was  performed  to  obtain  equation-of-state  (Hugoniot)  data  and  to 
determine  the  shock  pressure  reaction  threshold  for  the  USS  IOWA  propellant 
(NC).  In  addition,  these  test  results  can  be  used  to  predict  the  shock  pressure  in  NC 
at  different  impact  velocities.  To  test  the  propellant,  1/4-length  pellets  were 
mounted  in  the  end  of  a  projectile  and  accelerated  in  a  gas  gun  into  a  target 
material  composed  of  plexiglass,  fused  silica  or  sapphire.  The  velocity  of  the  NC 
propellant  at  impact  ranged  from  0.4  to  1.4  km./sne.  A  laser  measurement  system, 
VISAK  (Velocity  Interferometer  System  for  Any  Reflector),  was  used  to  measure 
the  motion  of  the  back  of  the  target.  The  velocity  of  the  back  of  the  target  was  used 
to  calculate  the  impact  pressure.  At  the  highest  shock  pressure  of  greater  than 
1,000,000  psi,  no  reactions  were  observed  in  the  NC  under  these  plunar  impact-test 
conditions.  The  results  of  this  testing  show  that  NC  behaves  similat.y,  under  shock 
conditions,  to  NB  (a  double-base  NC/nitroglyccrinc  propellant). 


Summary 

No  obvious  sensitivity  problems  were  found  during  tests  of  the  black  powder  and 
NC  propellant  taken  from  the  USS  IOWA.  The  NC  samples  with  low-stabilizer 
levels  consistently  showed  slightly  higher  initiation  sci.  .itivities  than  samples  with 
high-stabilizer  levels.  However,  the  difference  in  initiation  sensitivity  between  these 
two  NC  samples  was  not  considered  to  be  significant  and  would  pose  no  safety 
problems  under  normal  conditions. 
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Summary 

As  noted  in  Sandia  National  Laboratories’  Review  of  the  USS  IOWA  Incident.  June 
199.Q.  it  was  established  from  gouge  marks  on  the  spanning  tray  that  "the  face  of  the 
rammerhead,  with  the  rammerheud  buffer  completely  compressed,  was  some 
45  3/4  in.  into  the  breech  as  measured  from  the  face  of  the  breech."  With  this 
information  und  using  the  best  available  data  at  the  time  for  the  position  of  the  rear 
of  the  projectile  (seating  distance)  and  the  average  length  of  five  powder  bags,  it  was 
concluded  that  the  powder  bags  must  have  been  compressed  1  1/4  in.  by  the 
rammerhead.  It  was  also  estimated  that  a  minimum  rammer  speed  of  6  ft. /sec. 
would  be  required  to  produce  the  1  1/4  in.  bag  compression. 

A  refined  dynamic  model  of  the  rammerhead  and  powder  bags  has  subsequently 
been  developed  und  used  along  with  i  evised  data  on  seating  distance  and  bug 
lengths.  This  model  has  shown  that  it  is  impossible  to  use  powder  bug  dynamics  to 
establish  the  speed  of  the  overram  because  of  the  large  variability  in  the  seating 
distance  und  the  variability  of  the  average  bag  length.  Furthermore,  there  does  not 
exist  a  criterion  for  the  necessary  propellant  hag  compression  required  to  cause  an 
explosive  event. 

As  un  alternate  upproach  to  determining  the  speed  of  the  overrent,  studies  were 
made  of  gouges  und  chips  formed  inside  the  buficr  cylinder  of  the  rammerhead 
during  the  explosion.  These  studies  showed  that  the  buffer  was  nut  collapsed  at  the 
time  of  the  blast.  The  extended  position  of  the  buffer  head  is  consistent  with  the 
position  observed  when  explosions  occurred  in  the  dynamic  overram  tests  conducted 
at  NSWC-Dahlgrcu.  However,  in  one  test  it  was  observed  that  the  bufferhead 
moved  into  the  breech  prior  to  the  blast.  Therefore,  the  extended  position  of  the 
buffer  head  could,  in  one  ca  .e,  be  consistent  with  a  statically  held  overrum.  This 
meuns  that  the  buffer  cylinder  gouge  marks  cannot  be  used  to  determine  whether  a 
statically  held  overrum  occurred. 

Although  the  rammer  control  handle  was  found  in  approximately  the  2  It. /sec. 
petition  after  the  explosion,  many  transient  forces  could  have  ultered  the  position  of 
the  rammer  control  handle.  The  USN  believes  that  the  deformation  of  a  quadrant 
guide  that  encloses  the  control  handle  was  caused  by  impuct  of  the  runimcrman’s 
scat  early  in  the  blast  sequence,  and  hence  provides  an  indication  of  the  rammer 
speed  at  the  time  of  the  incident.  However,  an  analysis  presented  here  shows  that 
the  scat  mo  :on  could  have  changed  the  lever  position  und  dislodged  the  quadrant 
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from  its  mount.  From  these  results,  it  is  concluded  that  damage  to  the  quadrant  is 
not  a  definitive  indicator  of  the  ramming  speed. 


Speed  Determination  from  Powder  Bag  Compression 

flnnyc  Analysis 

The  original  SNL  analysis  of  the  overram  was  based  on  the  association  of  gouge 
marks  on  the  spanning  tray  with  specific  links  of  the  rammer  chain.  This  association 
was  made  by  noting  that  the  female  (even  numbered)  links  are  slightly  longer  tnan 
the  mule  links.  Characteristic  chatter  marks  are  made  as  the  edges  of  the  links 
contact  and  scrape  the  sides  of  the  spanning  tray.  These  marks  were  aligned  with 
the  edges  of  the  links  and  the  lengths  of  the  marks  can  be  used  to  determine  the 
positions  of  male  and  female  links.  Using  this  procedure  on  the  aft  gouge  on  the 
left  side  of  the  tray,  it  was  concluded  that  it  was  made  by  a  female  link  (Link  2).  On 
the  right  side  of  the  tray  the  foremost  gouge  is  incomplete,  the  next  has  no  chatter 
marks,  but  the  third  is  both  complete  and  has  faint  chatter  marks  that  ullow  one  to 
conclude  it  was  made  by  a  female  link.  By  elimination,  this  gouge  could  not  have 
been  made  by  Link  2  or  4  and  hence  must  have  been  made  by  Link  6.  The  mark 
ahead  of  it,  made  by  Link  S,  was  the  gouge  closest  to  the  centerline  of  the  tray.  It 
was  used  to  determine  the  position  of  the  rammer  chain  at  the  time  of  the  blast. 

Further  consideration  has  led  to  the  conclusion  thut  the  original  SNL  analysis  of  the 
gouges  and  link  associations  is  still  the  most  credible  explanation.  It  is  possible  thut 
the  link  numbers  c«  uld  be  off  by  two  links  to  retain  the  proper  male  and  female  link 
order.  This  would  imply  either  a  very  lurge  bug  compression  or  a  complete  loss  of 
the  structural  integrity  of  the  powder  bug  train  after  ignition.  (A  similar  behavior 
was  observed  in  NSWC-Dahlgren  open-breech  burn  Test  #23.)  An  attempt  is  now 
in  progress  by  the  USN  to  correlate  the  scratches  on  specific  links  with  the  gouges, 
but,  secondary  impacts  and  dumuge  of  the  links  muy  complicate  this  effort. 


Powder  Hag  Compression  Modeling 

The  purpose  of  the  dynamic  powder  bug  model  is  to  determine  peuk  forces  between 
individual  bags  and  the  rammerheud  during  on  overram  and  to  quantify  the  speed  of 
the  overram.  Validation  of  the  model  was  accomplished  with  measurements  from 
NSWC-Dahlgren  [7].  Tire  model  results  can  then  be  used  to  determine  the 
rammerheud  position  at  various  overram  speeds.  This  position  can  then  be 
compured  with  the  physical  dutu  from  the  gouge  unulysis. 
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NSWC-Dahlgren  conducted  an  investigation  to  better  determine  the  seating 
distance  of  the  projectile  at  the  time  of  the  incident  and  the  average  length  of  the 
powder  bags.  To  determine  the  seating  distance,  measurements  were  made  on  the 
deformed  rotating  bands  on  the  projectiles  that  had  been  rammed  into  the  left  and 
right  guns  of  Turret  2.  Calculations  were  used  to  establish  where  the  deformed 
rotating  bands  would  have  been  had  they  been  rammed  into  the  center  gun.  This 
analysis  makes  the  reasonable  assumption  that  all  three  of  the  guns  have  about  the 
sume  wear,  and  that  the  three  rammers  produce  approximately  the  same  ramming 
force.  Based  on  these  measurements  and  calculations,  it  was  established  that  the 
seating  distance  was  127.6  ±  0.2  in.  Tills  is  0.6  in.  far  ther  fotward  than  the  position 
IOW  in  anU'ySiS  describcd  in  Sandi:l  National  Laboratories*  Review  of  the  USS 

NSWC-Dahlgren  measured  368  powder  bags  and  determined  that  the  average  bag 
length  was  16.536  in.  with  a  standard  deviation  of  0.178  in.  A  five-bag  charge  would 
have  an  average  uncompressed  length  of  82.68  in.,  which  is  slightly  longer  than  the 
82.5  in.  used  in  Sandia  National  Laboratories’  Review  of  the  USS  1QWA  Incident. 
June  1990.  If  the  rammerhead  buffer  was  fully  compressed,  the  distance  available 
for  the  powder  bags  is  81.85  in.,  requiring  an  average  compression  of  0.83  in.  If  the 
rammerheud  buffer  was  not  fully  compressed,  the  bags  could  be  compressed  more. 
The  sum  of  the  bag  compression  and  rammer  compression  at  the  time  of  the  blast 
would  be  about  3.33  in.  (2.5  +  0.83  in.). 

The  origlnul  model  used  to  predict  the  dynamic  powder  bag  and  buffer  compression 
was  modified  to  include  individual  powder  bags  instead  of  the  combined  bug  stack 
used  previously.  The  buffer  collupse  model  was  also  modified  to  include  the  effects 
of  an  air-compression  chamber  in  the  buffer  that  is  pressurized  during  compression. 
The  size  of  the  annular  gap  between  the  piston  and  cylinder  was  varied  until  the 
model  matched  the  displacement  time  histories  measured  at  NSWC-Dahlgren.  The 
damping  in  the  powder  bugs  was  adjusted  to  44  percent  of  critical  to  closely  mutch 
the  predicted  force-time  history  observed  at  u  given  rammer  speed.  The  validated 
model  was  then  used  to  predict  the  peak  forces  on  the  rammerhead  over  the  entire 
range  of  rammer  speeds.  These  predictions  were  within  ±  10  percent  of  the  data 
provided  by  NSWC-Dahlgren. 

As  indicated  above,  the  buffer  and  bugs  must  compress  3.33  in.  in  order  for  the 
rammerhead  to  be  in  the  position  that  matches  the  gouges  in  the  spanning  tray. 
Figure  18  is  a  plot  of  the  sum  of  the  buffer  and  bag  compression  at  four  different 
rummer  speeds  as  predicted  by  the  model.  For  times  greater  than  0.3  sec.,  all  four 
of  the  compression  curves  approach  the  static  compression  of  the  rammer,  3.33  in. 
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At  times  <  03  sec.,  the  rammerhead  is  in  the  required  compression  position  at 
different  instances,  depending  on  the  rammer  speed.  The  variability  in  bag  length 
and  the  uncertainty  in  the  measurements  of  seating  distance  contribute  to  a  large 
band  of  uncertainty  in  the  compression.  To  illustrate  this  uncertainty,  the  cross- 
hatched  band  centered  about  the  333  in.  compression  represents  the  range  of 
1 0.88  in.  caused  by  a  two-sigma  variation  in  bag  length.  Additional  uncertainty 
bands  could  be  plotted  to  account  for  the  ± 0.2  in.  and  1 0.1  in.  uncertainty  in  the 
measurements  of  seating  distance  and  rammerhead  position,  respectively. 


Total  Boy  *  Bur far  Conpreealon  v«,  Ran  Speed 
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Figure  18.  l’redicted  total  powder  bag  and  buffer  compression  for  various  ram 
speeds. 
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Recent  powder  bag  compression  tests  reported  by  NSWC-Dahlgrcn  agree  with  this 
model.  In  these  tests,  the  initial  length  of  the  powder  train  was  determined  with  a 
100  lb.  precompression,  greatly  reducing  the  variability  in  the  measurement  of  initial 
bag  lengths.  High-speed  photography  was  then  used  to  determine  the  change  in  bug 
compression  for  ramming  speeds  between  2  and  14  ft./scc.  These  measurements 
show  that  the  compressibility  change  is  small  compared  to  the  variability  in  initial 
bag  length  and  are  in  agreement  with  the  SNL  conclusion. 


Powder  Hay  Modeling  Conclusions 

It  is  concluded  that  these  uncertainties,  when  coupled  with  the  luck  of  a  time- 
resolved  ignition  criterion,  make  it  impossible  to  determine  the  rummer  speed  from 
the  compression  of  the  powder  bags  and  the  gouges  found  in  the  spanning  tray. 


Ruinmerhead  Buffer  Bore  Markings 

The  rammerhead,  shown  in  Figure  19,  incorporates  a  spring-loaded,  fluid-filled 
buffer  assembly  that  acts  as  a  shock  absorber  during  projectile  seating.  When  the 
force  exceeds  the  preloud  in  the  spring,  the  head  moves  into  the  body,  compresses 
the  spring,  and  forces  fluid  around  the  piston.  The  fluid  is  forced  through  three 
decreasing  area  slots  and  the  annular  gap  between  the  piston  and  the  cylinder  and 
into  an  expansion  chamber  above  the  piston.  The  spring  reaches  maximum 
compression  at  2  1/2  in.  and  stops  the  head  motion.  The  force  of  upproximutely 
1 100  lb.,  ’equired  to  fully  compress  the  buffer,  Is  readily  supplied  by  the  rummer 
hydraulic  drive.  Tests  by  the  USN  have  shown  that  the  head  takes  about  0.4  sec.  to 
fully  compress  at  a  rammer  speed  of  2  ft./sec.,  and  about  0.2  sec.  to  fully  compress 
at  a  rummer  speed  of  14  ft./sec. 

In  the  USN's  dynamic  overram  tests  that  cuused  ignition,  It  wus  observed  that 
ignition  occurred  before  the  rammerhead  buffer  was  completely  compressed.  In 
contrast,  most  of  the  open-breech  burn  tests  that  involve  a  statically  held  ram  show 
no  loss  of  load  on  the  rummer  chain,  implying  that  the  buffer  was  fully  compressed 
at  the  time  of  the  blast.  The  only  exception  to  this  observation  was  Test  #23,  in 
which  the  chain  moved  into  the  chamber  prior  to  the  blast,  implying  that  the  buffer 
could  have  been  moving  out  or  extending. 
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Figure  Id.  Cross-section  through  rammerhead  buffer  assembly. 


It  was  reasoned  that  the  rammerhead  might  exhibit  marks  that  would  indicate  the 
position  of  the  rammerhead  buffer  ut  the  time  of  the  incident.  To  investigate  this, 
the  rammerhead  was  sectioned,  as  is  shown  in  Figure  20.  The  forward  section  on 
the  left  side  of  the  rammerhead  was  also  cut  horizontally  near  the  center  of  the 
bore.  Examination  of  the  bore  of  the  rammerhead  buffer  (Figure  21)  showed  two 
gouges. 

It  is  concluded  that  these  gouges  and  chips  were  produced  during  the  incident  and 
were  nut  the  result  of  ordinary  wear,  for  two  reasons.  First,  the  chip  on  the  left  side 
has  clearly  been  raised  beyond  the  normal  limit  of  buffer  stroke,  This  requires  that 
the  spring  break  and,  by  a  lateral  offset  of  the  broken  ends,  allow  slightly  more  axial 
travel  of  the  rammerhead  relative  to  the  piston.  Second,  the  constant  churning  of 
fluid  in  the  buffer  should  ultimately  have  caused  the  n  latively  delicate  chips  to 
bend,  ratigue,  and  break  off  if  they  hud  been  formed  ut  an  earlier  time. 
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Figure  20.  Orientation  and  sectioning  of  rammcrhcad. 

Figure  21a  shows  the  gouge  marks  observed  on  the  lower  part  of  the  left  side  of  the 
rammcrhcad  bore.  There  is  a  chip  that  has  been  gouged  by  the  piston  and  driven 
past  the  normal  end-of-stroke  position  to  a  shoulder  at  the  end  of  the  machined 
bore.  This  chip  was  driven  approximately  0.14  in.  beyond  the  normal  end  of  stroke. 
Straight  striations  arc  due  to  normal  wear.  However,  where  the  chip  has  started  to 
form,  approximately  1/4  in.  before  the  normal  end-of-stroke,  the  striations 
associated  with  the  chip  deviate  from  the  straight-line  pattern.  This  shows  that  the 
lower  left  part  of  the  rammerhead  moved  upward  relative  to  the  piston  as  this  chip 
was  being  formed.  Additionally,  there  appears  to  be  a  mark  which  was  made  by  the 
aft  surface  of  the  piston. 
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Figure  21.  Photographs  of  gouges  on  (a)  left  side  and  (b)  right  side  of  rammcrheud 
buffer  cylinders. 
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The  right  side  of  the  sectioned  rammerhead  also  shows  a  chip  shown  in  Figure  21b. 
This  chip  has  not  been  driven  up  to  tV  shoulder  in  the  bore,  bu  instea-  ■  >s  stopped 
at  approximately  the  normal  end-of-stroke  position.  The  striations  from  formation 
of  this  chip  do  not  seem  to  show  any  upward  movement.  They  instead  show  a  series 
of  impact-like  marks  that  may  be  caused  by  the  edge  of  the  piston  being  repeatedly 
forced  into  the  bronze  rammerhead  casting. 

Figure  22  shows  a  schematic  layout  of  the  chips  in  the  bore.  The  chips  on  the  right 
side  are  located  as  one  looks  forward,  between  the  2  and  4  o’clock  position.  The 
chips  on  the  left  side  are  located  between  the  7  and  9  o’clock  position.  Three 
observations  indicate  that  these  chips  were  not  made  at  the  same  time  or, 
conversely,  two  separate  events  were  required  to  produce  these  chips.  The 
arguments  for  this  interpretation  are  as  follows.  First,  since  the  chips  are  on  the 
opposite  side  of  the  bore,  they  could  not  be  made  simultaneously.  Clearance  of  the 
piston  in  the  bore  prevents  this.  Second,  the  axial  positions  of  the  chips  are  such 
that  it  is  physically  impossible  for  the  piston  to  produce  these  chips  at  the  same  time 
(the  left  chip  is  at  the  shoulde.',  while  the  right  chip  is  at  the  normal  end  of  the 
position).  Finally,  the  points  overlap  where  the  gouges  start  and  end,  thus  the  left 
gouge  does  not  start  at  the  axial  position  at  which  the  right  gouge  ends.  These 
factors  lead  to  the  conclusion  that  the  two  chips  were  made  by  two  different 
compressive  events,  separated  in  time  so  that  the  buffer  could  extend  between  them. 
Two  large  compression  events  that  could  have  produced  these  gouges  are  the  initial 
blast  and  the  impact  of  the  rainmerhead  with  the  bulkhead. 

Examination  of  the  front  of  the  rammerhead  shows  that  the  right  side  of  the  buffer 
had  received  considerable  damage  caused  by  the  impact  with  the  bulkhead.  On  this 
side,  the  marks  clearly  show  that  the  upper  right  side  of  the  rammerhead  impacted 
the  small  buffer  located  on  the  bulkhead.  It  is  reasonable  to  associate  the  formation 
of  the  chip  on  the  right  with  the  impact  of  the  rammerhead  into  the  bulkhead,  and 
the  chip  on  the  left  with  the  initial  blast  force. 
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Figure  22.  Developed  surface  of  lower  half  of  rammerhead  bore. 
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Buffer  Mark  Conclusions 

An  examination  of  the  bore  of  the  rammcrhead  buffer  shows  that  two  gouges  were 
probably  formed  during  the  dynamic  events  surrounding  the  incident.  The  two  chips 
are  associated  with  compressive  motions  of  the  rammcrhead  buffer  and  were 
apparently  made  at  different  times:  the  one  on  the  left  side  was  made  at  the  time 
the  blast  was  applied  to  the  rammcrhead  and  the  one  on  the  right  side  when  the 
rammerhead  impacted  the  bulkhead.  From  the  location  of  the  onset  of  the  chip  on 
the  left,  it  is  surmised  that  the  rammerhead  buffer  was  not  fully  compressed  at  the 
time  of  the  blast.  Examination  of  the  data  from  the  high-speed  horizontal  rummer 
tests  shows  that  when  ignition  occurred  the  buffer  was  not  fully  compressed.  In  the 
majority  of  open-breech  burn  tests  employing  a  shipboard  rammer,  the  rammer 
chain  did  not  move  into  the  chamber  before  the  blast.  However,  in  Test  #23  the 
rammcrhead  moved  forward  into  the  breech  prior  to  the  blast.  Based  on  the 
anomaly  of  one  test,  the  bore  markings  cannot  be  used  to  establish  if  an  overram 
occurred. 


Overram  Speed  from  Hummer-Control  Linkage  Position 

USN/BRL  Scenario 

After  the  explosion,  the  rammer  control  linkage  was  found  in  the  1.7  ft./ sec. 
position,  held  by  a  frozen  packing  gland  located  where  the  linkage  enters  the  pump 
control.  The  handle  that  controls  the  operation  of  the  rammer  was  surrounded  by  a 
guide  or  quadrant  tack-welded  to  the  bulkhead.  The  quadrant  and  its  mounting 
pads  were  found  dislodged  from  the  bulkhead  after  the  explosion.  The  quadrant 
had  been  bent  by  an  impact  in  the  forward  portion  of  the  quadrant,  and  its  forward 
mounting  flange  had  sheared  off.  The  deformation  of  the  quadrant  has  been 
investigated  by  Naval  Research  Labs  personnel  and  they  conclude  that  the 
deformation  is  only  consistent  with  the  control  lever  being  in  a  ram  position  of 
approximately  2  ft./sec.  These  two  pieces  of  evidence  form  the  basis  of  the  USN 
position  that  the  ram  cd  was  normal.  However,  these  conclusions  assume  that 
the  quadrant  deforma  ■  i  occurred  before  movement  of  the  control  linkage  and 
befote  the  quadrant  was  dislodged. 

The  USN  has  advanced  the  scenario  that  dcfoimation  and  breakage  of  the  quadrant 
was  caused  by  t''e  forward  edge  of  the  rainmcrinan’s  scat.  To  investigate  this 
scenario,  the  l.  S.  Army’s  Ballistics  Research  Iutb  (BRL)  conducted  calculations 
using  an  internal  ballistics  code  to  predict  th  pressures  within  the  gun  chamber. 
This  information  was  transferred  to  the  Hull  hydrodvnamic  code  in  order  to  predict 
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the  pressures  from  the  blast  in  the  gun  room.  Finally,  this  loading  was  applied  to 
the  rammerman's  seat  using  a  finite  element  code  to  predict  the  resulting  motion  of 
the  seat.  This  sequence  of  calculations  has  not  been  completed,  so  only  preliminary 
comments  are  possible  at  this  time. 

Viewed  from  above,  the  motion  of  the  rammerman’s  seat  was  predicted  to  be  a 
rotation  of  the  seat  about  its  outboard  rear  edge  into  the  quadrant  with  the  top  of 
the  seat  remaining  essentially  horizontal  during  the  movement  (Figure  23).  The 
time  the  seat  impacts  the  quadrant  after  the  start  of  the  blust  loading  was  about  IS 
msec.  Thus,  the  forward  edge  of  the  scat  impacts  the  quadrant  at  a  speed  of 
approximately  75  ft/sec.  and  at  a  very  low  angle,  about  24  degrees  between  the 
plane  of  the  seat  plate  and  the  plane  of  the  quadrant.  At  such  a  low  impact  angle  it 
would  be  expected  that  the  unsupported  leading  edge  of  the  rammerman’s  seat 
would  be  deformed.  However,  the  only  photograph  (Figure  24a)  that  contains  the 
leudlng  edge  of  the  seat  shows  no  detectable  deformation  of  the  forward  edge. 

Since  the  seat  was  discarded,  detailed  deformation  and  the  "as-built"  geometry 
cannot  be  definitively  resolved. 

Figure  23  also  shows  the  relationship  between  the  seat  und  the  quadrant  when 
viewed  from  the  side.  The  front  edge  of  the  scat  slopes  upward  at  an  angle  of  5 1 
degrees  from  the  deck,  beginning  at  a  point  about  19  3/4  in.  forward  of  the  rear  gun 
room  bulkhead.  The  indentation  on  the  quadrant  slopes  upward  at  about  35 
degrees  from  the  deck  and  begins  ut  a  point  about  18.5  in.  forward  of  the  aft 
bulkhead.  Gearly,  if  the  seat  rotates  into  the  undisturbed  quadrant  with  its  top 
remaining  horizontal,  it  will  not  hit  the  quadrant  at  the  right  point  or  orientation  to 
make  the  indentation  noted  on  the  quadrant. 

To  further  explore  this,  u  one-quarter  scale  model  of  the  rammerman  station  was 
constructed.  This  model  clearly  showed  the  only  way  that  the  forward  seat  edge 
could  have  made  the  indentation  (assuming  the  quadrant  remains  fixed  to  the 
bulkhead)  would  have  been  for  the  seat  to  pitch  so  that  its  top  rear  edge  moves 
forward  and  upward  while  its  bottom  moves  uftward  (it  did  not  move  downward 
because  the  front  leg  wasn’t  bent).  As  this  motion  occurs,  it  must  also  move 
outward  In  order  to  indent  the  quadrant.  Even  with  this  complex  motion,  the  rear 
leg  must  bend  for  the  front  edge  to  reach  the  correct  point  on  the  undisturbed 
quadrant.  But  the  close  clearance  between  the  rear  leg  and  the  rammer  operating 
handle  implies  that  the  upward  and  rearwards  motion  of  the  rear  leg  will  lift  the 
handle,  thus  moving  it  to  slower  speed  positions.  Indeed,  Figure  24a  shows  that  the 
aft  leg  has  bent  outward  and  only  very  slightly  forward.  This  suggests  that,  if  the 
pitching  motion  of  the  seat  were  to  occur,  the  rummer  handle  would  be  moved. 
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Figure  23.  Layout  of  rammerman  station. 


f»5 


rage  73 


GAO/NSIAIVftMS  II.S.S.  Iowa  Explosion 


U&S.  low  Explosion 


Analytical  Modeling 


y'K 


X 


Figure  24.  Photograph  of: 

(u)  deformed  rammeman's  scut 

(b)  scale  model  of  “as-designed”  scat  and 

(c)  scale  model  of  "as-built  and  bent”  seat 
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A  second  important  observation  made  from  the  model  was  that  the  "as-built”  seat 
differs  from  the  "as-designed"  seat.  Figure  24b  shows  the  "as-designed"  seat  model 
in  a  similar  position  to  the  incident  seat  (Figure  24a).  Examination  of  the  distance 
between  the  two  legs  shows  that  the  "as-built”  seat  has  its  rear  leg  further  aft  than 
that  of  the  "as-designed"  seat.  Furthermore,  the  tab  at  the  bottom  of  the  aft  leg  is 
also  different  in  that  it  projects  forward  of  the  leg.  This  repositioning  of  the  aft  leg 
suggests  an  even  stronger  interaction  with  the  rammer  control  handle.  It  could  be 
reasoned  that  the  bolts  that  secure  the  legs  to  the  deck  would  prevent  the  aft  leg 
from  moving  outward  and  striking  the  handle.  However,  examination  of  the  gun 
room  deck  plates  has  shown  that  there  were  no  bolts  securing  the  legs  to  the  deck. 
The  holes  in  the  deck  were  located  about  1  3/8  in.  closer  to  the  side  bulkhead  than 
designed.  This  implies  that  the  seat  was  actually  closer  to  the  bulkhead  and  rammer 
control  handle  than  the  model  and  computer  calculations  have  assumed. 

A  final  observation  made  with  the  scale  model  involved  constructing  an  "us-built  and 
bent"  seat  (Figure  24c)  to  try  and  mutch  the  deformed  scut  of  Figure  24a.  Even  with 
the  rear  leg  of  the  model  seat  moved  aft,  it  wus  found  that  the  lower  edge  und  rear 
portion  of  the  model  scat  needed  to  be  significantly  deformed  in  order  to  match 
Figure  24a.  This  suggests  that  the  lower  edge  of  the  seat  could  possibly  huve 
indented  the  dislodged  quadrant. 

The  top  aft  edge  of  the  "us-built"  seat  also  differs  from  the  "as-  designed"  in  that 
about  one-half  of  the  inboard  side  of  the  mounting  flange  had  to  be  removed  to 
clear  piping  mounted  on  the  bulkhead.  Figure  25  shows  the  location  on  the  rear  gun 
bulkhead  where  the  seat  mounting  flange  was  secured  by  two  1/2  in.  bolts.  Directly 
outboard  of  the  seat  is  a  sheet  metal  mounting  clip  that  secures  two  pipes  in  the 
corner  of  the  gun  room.  Since  this  clip  is  undamaged,  it  can  be  concluded  that  the 
seat  motion  could  not  be  directly  outward  since  this  would  have  crushed  the  clip  and 
pipes.  The  ratnmerman  foot  rest  also  constrains  the  motion  of  the  seat  in  the 
forward  direction.  The  aft  face  of  this  foot  rest  on  the  USS  IOWA  was  located  25 
in.  forward  of  the  rear  bulkhead.  This  permits  about  5  1/4  in.  of  forward  motion 
before  the  forward  leg  (which  according  to  Figure  24a  is  virtually  unbent)  of  the  scat 
strikes  the  foot  rest. 
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Figure  25.  Photograph  of  rear  corner  of  gun  room  with  seat  removed  showing 
undisturbed  piping  in  corner  and  bent,  dislodged  quadrant. 
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Figure  23  shows  that  the  seat  has  a  large  urea  that  is  47  degrees  to  the  center  line  of 
the  gun  room.  When  this  area  is  loaded  by  the  blast  pressure,  it  will  produce  both 
an  outward  and  forward  motion  of  the  seat.  The  outward  and  forward  motion  of  the 
seat  allows  the  rear  end  of  the  seat  to  quickly  close  the  2-3  in.  distance  between  it 
and  the  rear  end  of  the  quadrant.  The  quadrant  mounting  pads  were  secured  to  the 
bulkhead  with  very  weak  welds.  Thus,  only  a  modest  impact  could  dislodge  the 
quadrant  from  the  bulkhead.  Once  it  is  dislodged,  the  position  of  a  secondary 
impact  determines  a  handle  position  relative  to  the  displaced  quadrant  but  docs  not 
indicate  rammer  speed.  It  must  also  be  recognized  that  the  welds  could  fail  when 
the  pressure  load  is  applied  to  the  transverse  bulkhead.  This  bulkhead  was 
plastically  deformed  by  the  overpressure  and  must  have  undergone  a  large  transient 
motion  which  would  have  put  the  welds  in  tension  as  the  quadrant  moved  with  the 
bulkhead. 


SNL  Hammerman  Seat  Motion  Study 

An  independent  assessment  of  the  rammerman’s  scat  motion  was  undertaken  at 
SNL  to  better  approximate  the  pressure  pulse  from  the  gas  flow  and  to  see  what 
effect  this  has  on  the  resulting  seat  motion.  To  accomplish  this,  the  gas  and 
propellant  flow  seat  must  first  be  approximated,  and  the  resulting  pressure  loading 
is  applied  to  the  seat.  These  two  main  areas  of  study  arc  described  separately 
below. 


Giis.riuw  Analysis 

Examining  the  details  of  the  calculations  performed  by  URL,  it  is  noted  that  the 
pressures  determined  from  the  hydrodynamic  calculation  contain  a  spurious 
pressure  spike.  This  is  due  to  an  artificial  initial  condition  in  which  burning 
propellant  gases  were  rccomprcsscd  to  couple  interior  ballistic  calculations  with  the 
Hull  hydrodynamic  code.  Additionally,  a  fixed  seat  was  modeled  in  the  code  and 
the  limitations  of  coarse  numerical  gridding  compromised  accurate  determination  of 
differential  pressures  required  to  estimate  the  loading  on  the  seat.  Finally,  it  is 
pointed  out  that  the  hydrodynamic  code  resolves  a  continuum  flow.  Continuum 
flow  describes  a  homogeneous  media,  i.c.,  solids  and  gases  arc  assumed  to  coexist  in 
space,  The  bulk  of  the  kinetic  energy  of  the  open  breech  burn  is  produced  by  the 
motion  of  propellant  grains  dispersed  beyond  that  required  for  a  continuum 
approximation.  Indeed,  00  percent  of  the  kinetic  energy  exiting  the  breech  is 
represented  by  motion  of  the  propellant  grains.  These  grains  also  impact  the  seat, 
the  rammerman,  and  the  lever,  moving  them.  Accordingly,  a  better  analysis  of  this 
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event  preserves  the  two-phase  pellet/gas  interaction  including  the  reactive  nature  of 
the  gas  dynamics  caused  by  the  burning  propellant.  A  calculation  of  this  type  is 
extremely  computer  Intensive  and  require  codes  unavailable  at  this  time. 

An  experimental  analysis  code  DMC  [8]  was  used  to  approximately  the  open-breech 
event.  This  analysis  code  preserves  the  discrete  two-phase  nature  of  the  flow,  while 
approximating  the  gas  dynamics,  and  models  individual  propellant  grains  as  two 
joined  spheres.  Drag  and  pressure  forces  from  coupled  gas  dynamics  define  the 
forcing  functions  for  a  collection  of  propellant  grains  that  collide  and  interact  as  the 
two  phase  flow  develops.  These  processes  are  brought  together  in  DMC  to  analyze 
the  gas  and  propellant  flow  out  of  the  gun,  and  their  subsequent  interaction  with  the 
rammerman’s  seat.  Contrary  to  the  BRL  calculations,  a  time  varying  pressurization 
within  the  gun  was  included  so  that  the  resulting  hydrodynamic  calculations  were 
consistent  with  interior  ballistic  calculations. 

Testing  and  physical  evidence  front  the  USS  IOWA  were  used  to  validate  the  gas 
flow  portion  of  the  analysis.  The  internal  gun  pressurization  necessary  to  push  the 
projectile  into  the  gun  in  the  USS  IOWA  incident  resulted  in  21  kg.  of  propellant 
being  burned  as  calculated  using  an  interior  ballistic  code.  This  was  verified  by 
testing  from  NSWC-Dahlgren.  litis  interior  pressure  was  upplied  to  the  open- 
breech  tests,  which  included  air  blast  gages  at  various  distances  away  from  the 
breech.  The  ballistic  calculation  very  accurately  reproduced  these  pressure 
measurements.  With  this  validated  pressure/gas  flow  description,  the  two-phase 
representation  of  the  gun  room  was  then  possible. 

Figure  26  shows  the  initial  s*.  tup  for  the  DMC  calculation.  '1he  axisymmetric  model 
of  the  breech  and  gun  room  are  clearly  visible,  us  well  as  the  position  of  the 
rammerman’s  seat.  Figure  27  displays  representative  gas  flow  velocity  vectors  at 
various  times  during  the  event.  The  spherically  expanding  flow  is  evident  early,  but 
the  interaction  with  the  walls  of  the  gun  room  quickly  complicates  the  flow  field. 
Also,  a  jet  of  guses  impinges  very  quickly  on  the  rear  of  the  gun  room,  lire  onset  of 
gas  loading  occurs  approximately  10  msec,  front  the  start  of  the  event. 


Page  78 


<iA()/NSlAIMtl-4H  U.N.8.  Iowa  KxpUwion 


UAS.  Iowa  Explosion 


» 


Analytical  Modeling 


(J^  seal 


rigid  walls 
two-phase  jet 


Partially  Reacted  |||  SI  j||  16  “  gun 


Figure  26.  Initial  geometry  for  radial  symmetric  DMC  calculation. 
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Figure  27.  Gas  flow  field  predictions  from  DMC. 


A  plot  of  the  pressure/history  on  the  rammerman’s  scat  is  given  in  Figure  28.  The 
peak  pressure  was  estimated  to  be  187  psi,  which  occurred  over  4  msec,  of  time. 
Because  the  pressure  loading  is  due  to  gas  flow  impinging  on  the  rammerman’s  scat, 
a  loss  of  differential  pressure  occurs  when  the  flow  has  arrived  on  the  other  side  of 
the  seat.  It  is  thus  assumed  that  no  additional  loading  exists  on  the  scat  after  this 
initial  peak  pressure  of  187  psi. 

A  series  of  plots  from  the  later  time  response  due  to  the  propellant  flow  is  shown  in 
Figure  29.  These  plots  provide  some  understanding  of  the  propellant  grain 
interaction  with  the  gun  room  and  rammerman’s  seat  and  the  time  required  for  this 
response.  The  propellant  grains  form  a  coherent  jet  that  arrives  at  the  rear 
bulkhead  approximately  30  msec,  after  the  gas  loading  is  finished.  As  these  grains 
ricochet  off  the  bulkhead,  they  impact  additional  grains  arriving  from  the  breech; 
impact  with  the  rammerman’s  seat  doesn't  occur  until  100  msec,  after  the  start  of 
the  event. 
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Figure  28.  Pressure  at  ramir.crman’s  seat  predicted  by  distributed  mass/energy 
source  calculation.  Note  the  absence  of  a  pressure  spike  at  the  leading  edge  of  the 
pulse. 
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Figure  ".9.  Propellant  motion  predicted  by  DMC. 


Shielding  °f  the  rami  icrman’s  seat  is  provided  by  the  close  proximity  of  the  cradle 
and  its  ancillary  equipment  used  to  load  the  projectile.  Because  the  loading  on  the 
seat  is  due  to  the  impingement  of  gas  flow,  the  shielding  provides  a  restriction  to  the 
total  impulse  applied  to  the  seat.  Areas  of  the  seat  that  are  assumed  to  be  loaded  by 
the  gas  flow  are  shown  in  Figure  30.  The  arrows  denote  ihc  location  and  direction 
of  the  forces  applied  to  the  seat  fol'owing  the  loading  history  described  above.  This 
oading  is  shown  graphically  on  the  finite  element  model  used  to  complete  the 
structural  analysis  of  the  rnnimerman’s  -  motion.  The  seat  motion  is  described  in 
the  next  section. 
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Figure  30.  Pressure  loading  assumed  on  rammcrman’s  seat. 


The  explicit  analysis  code  ABAQUS  Explicit  [9]  was  ised  for  the  analysis  of  the 
rammerman’s  seat  motion.  A  realistic  representation  of  the  seat  was  constructed 
from  the  drawings  of  the  structure;  thus  the  rear  leg  was  not  corrected  to  reflect  the 
geometry  of  the  "as-built"  scat.  The  finite  element  p  /x lei  used  in  the  analysis  is 
shown  in  Figure  31.  The  quadrant,  positioned  from  the  drawings  of  the  gun  room,  is 
modeled  with  a  contact  surface  so  tliat  the  interaction  with  the  seat  can  be 
monitored.  The  bulkhead  was  modeled  as  a  rigid  surface.  The  bolts  attaching  the 
scat  to  the  rear  bulkhead  were  modeled  as  a  strain  softening  material  so  that  failure 
after  yield  is  approximated.  The  initial  analysis  also  used  elements  to  simulate  bolts, 
connect  the  legs  to  the  floor. 
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Figure  31.  Initial  finite  eletnenl  code  geometry  of  seat,  bulkhead  and  quadrant. 


The  mold  does  not  include  a  rammer  man  sitting  on  the  seat.  His  body  could  have 
influenced  the  rotation  of  the  seat  since  his  legs  were  trapped  between  the  seat, 
control  handle  and  quadrant,  further  complicating  the  modeling  of  this  event. 
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Of  particular  interest  is  the  direction  that  the  seat  impacts  the  quadrant.  Figure  33 
shows  the  view  of  the  seat  from  above.  It  i.  clear  from  this  plot  that  significant 
foiward  directed  forces  exist  <>n  impact.  The  stresses  shown  in  the  plot  are  the 
VonMises  stresses  in  these  part  .,  and  show  that  some  yielding  of  the  quadrant 
material  has  been  caused  by  the  impact.  Because  of  these  similarities  with  the 
physical  evidence,  it  is  concluded  that  these  physical  phenomena  discovered  from 
the  analyses  resemble  the  event  and  can  be  used  to  form  the  basis  for  a  reasonable 
seat  motion  scenario. 


Figure  33.  Top  view  of  seat  when  contract  is  first  made  with  quadrant. 
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However,  it  can  be  seen  from  Figure  32  that  the  calculation  also  predicts  a  large 
deformation  of  the  aft  leg  that  does  not  appear  consistent  with  the  pho  f  the 
deformed  seat  (Figure  24a).  The  calculation  was  repeated  to  include  t.  -  control 
handle  and  to  remove  the  bolts  holding  the  legs  to  the  deck,  but  the  geometry  of  the 
aft  leg  was  still  modeled  "as-designed."  This  analysis  displayed  a  different  bending 
of  the  aft  leg  and  showed  that  the  aft  leg  contacted  the  control  handle  slightly  before 
the  seat  contacted  the  quadrant.  This  indicates  another  phenomena  that  would 
probably  influence  the  handle  position.  In  the  SNL  model,  the  front  end  of  the  scat 
is  slowly  rotating  into  the  bulkhead.  As  this  motion  continues,  the  front  inner 
surface  of  the  seat  could  contact  the  control  handle  and  possibly  move  it.  Without 
the  exact  initial  geometry  of  the  aft  leg,  seat,  and  handle,  and  without  considering 
the  effects  of  the  rammerman,  complete  correlation  with  the  physical  evidence  will 
be  very  difficult. 


Geometry  Considerations  IAsJMC 

During  the  week  of  July  22,  the  USN  made  measurements  aboard  the  USS  IOWA 
to  determine  how  the  actual  rammerman  station  differed  from  that  as  designed.  It 
was  found  that: 

1.  The  quadrant  was  rotated  aft  of  the  "as-designed"  position  with  the  neutral 
position  of  the  handle  being  at  approximately  30  degrees  to  the  vertical, 
instead  of  35  degrees. 

2.  The  rammcrn.an's  seat  deck  mounting  holes  were  found  approximately 

'  3/8  in.  closer  to  the  transverse  gun  room  bulkhead.  No  remnants  of  bolts 
were  found  in  the  holes  and  probing  of  the  holes  suggested  that  no  bolts  wctc 
installed. 

Figure  23  has  been  modified  in  accord  with  these  observations.  However,  the 
computer  calculations  have  not  been  redone,  except  to  remove  the  leg  bolts.  These 
observations  imply  that  the  initial  distance  between  the  seat  and  the  rear  of  the 
quadrant  was  about  2-3  in.,  instead  of  the  4  in.  assumed  in  the  earlier  calculations. 
Also,  they  confirm  that  the  aft  leg  of  the  seat  must  have  been  modified  otherwise 
there  would  have  been  interference  between  the  leg  and  the  control  handle  because 
the  "as-designed"  seat  had  been  moved  1  3/8  ir.  closer  to  the  bulkhead. 
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Regarding  Motion  of  the  Rammerman's  Seat  Conclusions 

The  seat  appears  to  make  first  contact  at  the  rear,  underside  of  the  quadrant 
mounting  pad.  Accordingly,  there  is  a  strong  possibility  that  the  quadrant  would 
have  been  dislodged  from  the  bulkhead  early  in  the  event.  Deformation  of  the  aft 
support  leg  of  the  seat  causes  contact  with  the  rammer  handle  slightly  before  the 
seat  contacts  the  quadrant.  This  means  that  the  rammer  handle  would  also  have 
been  knocked  out  position.  From  the  photograph  of  the  actual  seat,  the  front  edge 
of  the  seat  appears  undamaged,  making  it  difficult  to  correlate  the  potential 
quadrant  impact  at  the  damage  site.  Large  deformation  of  this  edge  would  probably 
be  necessary  to  cause  damage  to  the  quadrant.  Also,  the  pressure  loading  is 
complex,  making  it  difficult  to  definitively  determine  seat  motion.  Interaction  of  the 
aft  leg  and  control  handle  appears  likely.  These  factors  all  combine  to  make  the 
damage  to  the  quadrant  an  inaccurate  indicator  of  the  ramming  speed. 
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and  her  M.A.  (1978)  from  the  University  of  New  Mexico.  She  joined  SNL  in  1987  as 
a  Contract  Auditor.  She  has  also  served  in  the  General  Accounting  Division.  In 
April  of  1991,  she  joined  the  Component  Directorate  as  an  Administrative  Assistant 
and  served  in  that  capacity  until  August  1991.  In  the  capacity  as  Administrative 
Assistant  she  provides  personnel,  budget/cost  information  and  general  assistance  to 
the  Director. 

Paul  W.  Cooper  is  currently  a  Distinguished  Member  of  the  Technical  Staff  in  the 
Engineering  Projects  and  Explosives  Applications  Division,  9333.  He  received  his 
B.S.  in  Chemical  Engineering  in  1958  from  New  York  Polytechnic  University  and 
did  advam  •  degree  work  at  Illinois  Institute  of  Technology.  Paul  joined  SNL  in 
1965  as  a  Member  of  the  Technical  Staff  and  in  1989  was  promoted  to  Distinguished 
Member  of  the  Technical  Staff.  His  work  involves  basic  research  in  explosives 
phenomena  and  the  design  and  development  of  explosives  and  firing  components 
for  DoD  and  DOE  weapons  systems.  He  has  prepared  and  presented  several  safety 
courses  within  SNL  and  acts  as  a  general  consultant  in  explosives  safety  and  security 
matters  for  other  government  agencies.  He  has  authored  and  co-authored 
numerous  reports  and  articles  on  explosives  utilization  and  performance. 

Mr.  Cooper  is  the  former  editor  of  the  International  Journal  of  Propellants. 
Explosives,  and  Pyrotechnics.  He  has  served  for  the  past  eight  years,  as  a  member 
of  the  Advisory  Committee  for  the  International  Association  of  Bomb  Technicians 
rtr.d  Investigators. 

Mark  J.  Davis  is  currently  Manager,  Research  Engineer,  for  Metallic  Materials 
Department,  1880.  He  received  his  B.S.  in  Metallurgical  Engineering  from  the 
University  of  California,  Berkeley,  in  1960.  He  received  his  M.S.  in  Metallurgy  in 
1963  from  the  same  institution.  He  joined  SNL  that  same  year  as  a  Member  of 
Technical  Staff.  In  April,  1968,  he  was  promoted  to  Division  Supervisor,  Metallurgy 
Division,  and  in  September.  1969,  to  Manager,  Metallurgy  Department.  He 
managed  the  Metallurgy  Department  until  March  of  1990  when  he  assumed  his 
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present  position.  During  his  career,  Mr.  Davis  has  been  personally  involved  in  many 
failure  analyses  ranging  from  rocket  motor  explosions  to  volcanic  uptions. 

Dr.  Kathleen  V.  Diegert  is  currently  a  Distinguished  Member  of  the  Technical  Staff 
in  the  Statistics,  Computing,  and  Human  Factors  Division,  323.  She  earned  a  BA. 
in  Mathematical  Sciences  from  Rice  University  in  1972,  a  M.S.  in  Operations 
Research  from  Cornell  University  in  197S,  and  a  Ph.D.  in  Operations  Research 
from  Cornell  University  in  1977.  She  joined  SNL  as  a  Member  of  the  Technical 
Staff  in  1980  and  was  promoted  to  Distinguished  Member  of  the  Technical  Staff  in 
1989.  She  specializes  in  statistical  consulting  for  weapon  reliability  analyses  and 
probabilistic  risk  and  safety  analysis. 

Nora  Bess  Campbcll-Domme  is  a  Senior  Technical  Assistant  in  the  Materials 
Compatibility  and  Reliability  Division,  1823.  She  received  her  B.S.  degree  in 
Biology /Chemistry  from  the  University  of  New  Mexico  in  1978  and  has  worked  in 
analytical  chemistry  for  eleven  years.  She  has  applied  gas  chromatography/mass 
spectroscopy  to  the  studies  of  materials  compatibility  and  identification,  failure 
analysis,  and  environmental  trace  analysis. 

Carmen  G.  Drebing  is  currently  Technical  Editor  with  the  Communications 
Development  and  Support  Division,  3151.  She  has  a  B.A  in  English  from  the 
Uni  rsity  of  New  Mexico  and  an  M.B.A  from  New  Mexico  Highlands  University. 
Carmen  joined  Sandia  in  1981  in  the  stockpile  Evaluation  Program  Division  II.  She 
was  promoted  to  Technical  Editor  for  the  Computer-Aided  Publishing  Division  in 
1985.  Previous  experience  includes  seven  years  with  Albuquerque  Public  Schools. 

Kenneth  W. '  -winn  is  currently  a  Senior  Member  of  the  Technical  'itaff  in  the 
Applied  McL.ianics  Division,  1544.  He  received  his  B.S.  degree  in  Civil  Engineering 
from  Oklahoma  State  University  in  1978  and  his  M.S.  degree  in  Civil  Engineering 
from  the  same  university  in  1980.  Ken  joined  SNL  the  same  year  as  a  Member  of 
the  Technical  Staff.  Major  assignments  concerned  the  impact  analyses,  and  shock 
and  vibration  of  nuclear  waste  shipping  cask  transportation,  along  with  the 
chairmanship  of  two  ANSI  committees  writing  standards  for  this  industry.  Current 
assignments  deal  with  the  analysis  and  design  of  advanced  re-entry  vehicles. 

Dr.  Steven  M.  Harris  is  currently  a  Senior  Member  of  the  Technical  staff  in  the 
Detonating  Components  Division,  2513.  He  received  his  B.S.  ( 1982),  M.S.  ( 1984), 
ana  ”h.D.  (1988)  degrees  in  Mechanical  Engineering  from  Oklahoma  State 
University  where  he  specialized  in  heat  transfer  and  fluid  flow.  He  joined  SNL  in 
1988  as  a  Member  of  'he  Technical  Stuff.  He  has  been  the  project  leader  on  the 
hazards  assessment  project  that  deals  with  energetic  material  responses  to  abnormal 
environments. 
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Paul  F.  Hlava  is  currently  Senior  Member  of  the  Technical  Staff  in  charge  of  the 
Electron  Microprobe  Laboratory,  Division  1822.  He  received  his  B.S.  in  geology 
from  the  University  of  Wisconsin-Madison  in  1964.  After  some  graduate  work 
there,  he  taught  geology  at  Wisconsin  State  University-River  Falls  (now  UW-RF). 
He  earned  his  M.S.  in  geology  at  the  University  of  New  Mexico  in  1974.  It  is  while 
working  as  a  research  assistant  under  Dr.  Klaus  Keil  in  UNM’s  Institute  of 
Meteoritics  that  he  was  trained  in  the  theory  and  practice  of  electron  microprobe 
analysis.  His  expertise  is  in  the  electron  microprobe  analysis  of  a  wide  variety  of 
alloys  and  ceramics;  rocks  and  minerals;  superconductors  and  semiconductors; 
welds,  brazes,  and  solders;  failure  analyses  and  contamination  of  a  wide  variety  of 
systems. 

Dr.  John  M.  Holovka  is  currently  Supervisor  of  the  Advanced  Projects  Division  III, 
9123.  He  received  his  B.S.  in  Chemistry  from  New  Mexico  Highlands  University  in 
1965,  and  his  Ph.D.  in  Physical  Organic  Chemistry  from  the  University  of  Utah  in 
1968.  He  joined  SNL  in  1970  as  a  Member  of  the  Technical  Staff,  and  was 
promoted  to  Supervisor  in  1984.  He  has  ten  years  experience  in  explosives 
materials  and  component  development. 

Judy  K.  Jewell  was  formerly  Staff  Secretary  of  the  Components  Organization.  2500. 
Judy  worked  for  eight  years  as  a  secretary  before  joining  SNL  in  1979  as  a  Division 
Secretary.  She  was  promoted  to  Department  Secretary  in  1983  and  Staff  Secretary 
in  1988.  In  her  twelve  years  at  SNL,  she  has  worked  in  the  quality  assurance, 
safeguards,  systems  research,  technical  library,  and  components  organizations.  She 
was  promoted  in  1991  to  Executive  Secretary  in  the  ES&H  and  Facilities 
Management,  7000,  Vice  Presidency. 

Dennis  E.  Mitchell  is  currently  Supervisor  of  Detonating  Components  Division, 
2513.  He  has  B.S.  (1968)  and  M.S.  (1969)  degrees  in  Mechanical  Engineering  from 
the  University  of  New  Mexico  and  specialized  in  dynamic  response  of  materials  to 
high  strain  rate  loading.  Dennis  joined  SNL  in  1969  as  a  Member  of  the  Technical 
Staff  and  was  nr.>motcd  to  Supervisor  in  1988.  Foi  16  of  the  past  21  years,  he  was 
involved  in  all  aspects  of  explosives  utilization,  performance  characterization  and 
application  and  has  done  research  in  the  areas  of  explosive  initiation.  The  last  ten 
years  he  has  been  involved  in  explosive  component  design  and  several  studies 
related  to  energetic  materials  safety.  For  the  past  two  years,  he  has  been  Supervisor 
of  the  Detonating  Components  Division,  whose  primary  responsibilities  include 
component  design  and  material  sensitivity  and  performance  characterization. 

James  E.  Mitchell  is  currently  Manager  of  the  Public  Relations  Department,  3160. 
He  holds  B.A.  and  M.A.  degrees  in  English  and  journalism  (Oklahoma  Stale 
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University,  1960),  where  he  served  from  1957  to  1961  as  an  instructor  in  journalism 
and  member  of  the  public  information  office  staff.  He  joined  SNL  in  1961,  became 
Supervisor  of  the  Public  Information  Division  in  1966,  and  assumed  his  present 
position  in  1982.  He  has  served  as  a  newspaper  reported  and  editor,  and  acts  in  the 
latter  capacity  on  various  SNL  publications. 

.)r.  Gerald  C.  Nelson  is  currently  a  Senior  Member  of  the  Technical  STaff  in  the 
Materials  Compatibility  and  Reliability  Division,  1823.  He  received  a  B.A.  degree 
in  Physics  and  Math  from  St.  Olaf  College  in  1962,  and  a  Ph.D.  in  Physics  from  Iowa 
State  University  in  1967.  Gerald  has  used  surface  analytical  techniques  to  study 
materials  problems  for  more  than  18  years.  He  currently  specializes  in  the 
application  of  surface  analytical  techniques  to  the  study  of  segregation,  diffusion, 
and  corrosion  of  thin  films  and  alloys. 

Dr.  Karl  W.  Schuler  is  currently  a  Distinguished  Member  of  the  Technical  Staff  in 
the  Applied  Mechanics  Division,  1544.  He  received  his  B.S.  in  Mechanical 
Engineering  from  Pratt  Institute  in  1962  and  his  Ph.D.  in  Mechanics  from  the 
Illinois  Institute  of  Technology  in  1967.  He  joined  SNL  that  same  year  as  a  Member 
of  the  Technical  Staff,  and  was  promoted  to  Distinguished  Member  of  the  Technical 
Staff  in  1985.  While  at  SNL,  he  has  worked  on  a  variety  of  analytical  and 
experimental  programs  related  to  viscoelastic  wave  propagation  in  polymers, 
dynamic  loading  of  oil  shale,  and  stress  wave  propagation  in  complex  weapons 
structures.  He  has  designed  experimental  apparatus  for  high-pressure  research, 
centrifuge  testing  of  geotechnical  models,  and  hypervclocity  launchers. 

Dr.  David  K.Tallant  is  currently  a  Senior  Member  of  the  Technical  Stuff  in  the 
Chemical  Instrumentation  Research  Division,  1821.  He  received  his  B.S.  in 
Chemistry  from  the  University  of  Wisconsin  in  1967  and  his  M.S.  in  Analytical 
Chemistry  from  the  same  university  in  1968.  He  served  four  years  in  the  U.S.  Army 
and  was  discharged  In  1972  having  attained  the  rank  of  Captain.  He  received  his 
Ph.D.  in  Analytical  Chemistry  from  the  University  of  Wisconsin  in  1976  and  joined 
SNL  that  same  year.  While  at  SNL,  he  has  worked  on  a  variety  of  projects  in 
analytical  chemistiy,  cleaning  and  contamination  control,  and  high-temperature 
materials.  His  area  of  expertise  includes  Raman  and  fluorescence  spectroscopic 
techniques. 

Linda  M.  Viail  Lopez  was  formerly  Administrative  As  ,tant  to  Dr.  Richard  L. 
Schwoebel,  Director  of  Components,  Organization  2500.  She  received  her  B.S.  in 
Biology  from  the  University  of  Albuquerque  in  1969  and  her  M.A.  in  Public 
Administration  from  the  University  of  New  Mexico  in  1979.  She  joined  SNL  in 
1984,  after  IS  years  of  service  with  the  State  of  New  Mexico,  the  U.S.  Equal 
Employment  Opportunity  Commission,  and  the  U.S.  Bureau  of  Land  Management. 
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